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The plan of this book is the following : — The first chapter 
contains a sketch of the steam engine as it existed in the 
time of Watt, together with an account of the ideas then 
prevalent as to the nature of heat, and concludes with a 
summary of some physical properties of steam. The 
. second and third chapters are occupied by an investigation 
of the principles of the modern theory of heat in its appli- 
cation to the steam engine. Then comes a chapter on the 
conversion of motion, which deals with certain salient 
points in the mechanism of an engine. The fifth chapter 
is mainly devoted to the expansion of steam, to the action 
of valves, and to the application of Watt's indicator. The 
sixth chapter treats of boilers and the consumption of fuel. 
The seventh chapter is on compound cylinder engines, 
^nd is illustrated by some drawings of the engines con- 
structed by Messrs. Maudslay, Sons, and Field for the 
White Star line of mail steamers making the voyage be- 
tween Liverpool and New York. Finally, there is a chapter 
on miscellaneous details, such as steam-engine governors, 
Giffard's injector, the link motion, modern valve gears, and 
valve diagrams. The part relating to the steam engine 
contains also an Appendix, with a series of examination 
questions and answers. There is in the present edition a 
Supplement on Gas Engines, and Part II., on Heat 
Engines. 

T. M. GOODEVE. 

5, Crown Office Row, Temple: 
A^^///^er, i8go. 
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CHAPTER I. 

THE STEAM-ENGINE AS VIEWED UNDER A KNOWLEDGE OF 
THE DOCTRINE OF LATENT HEAT. 

This treatise is intended to prepare the way for a complete and 
extended study both of the theory and practice of the steam- 
engine. We premise that there is much introductory matter 
which the student should consider and arrange in his mind 
before he can hope to grapple successfully with the difficult 
questions which occur in practice ; and the mode of treatment 
herein adopted is to be taken, not as something sufficient in 
itself, but rather as an indication of the points wherein existing 
books on the subject may with advantage be supplemented. 
The nature of the work will soon become apparent to those 
who take it as a e;uide in this particular branch of study. 

It is only withm the last thirty years that a knowledge of the 
principles of the mechanical theory of heat has influenced the 
practice of those who are engaged in improving the constniction 
of the steam-engine, and in seeking to obtain from it a larger 
amount of useful work with a given expenditure of fuel. The 
student of mechanics will do well to look backward into the history 
of scientific discovery, and he should endeavour to trace the pro- 
gress which has accompanied each successive step in our compre- 
hension of the real nature of that origin of force which we call lve;\.t 
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Living at the present day, he finds himself face to face with a 
novel conception, which has struggled into life by slow and almost 
insensible degrees, but which appears to be accepted with tht 
same degree of confidence as that accorded to Newton's theory of 
universal gravitation. True it is that the new doctrine, which i£ 
recognised under the name of the dynamical theory of heat^ has 
not come upon scientific men in the complete and startling 
manner in which Newton announced his great discovery; but al- 
though its development has been gradual, its applications are 
almost universal, and we are ever finding it a guide to valuable 
results which would probably have remained undiscovered were it 
not that a new impulse had been given to our thoughts. 

This chapter is devoted to an account of the progress of the 
steam-engine, under a perception of the doctrine of latent heat, and 
extends only to the period of Newcomen and Watt, when tlie state- 
ment that heat was a material substance was almost universally 
accepted as being true. In pursuing still further, through sub- 
sequent chapters, the progress of improvement and discovery, we 
sliall gradually develop the application of that mechanical theory 
which has displaced all others, and has become the foundation on 
which the whole fabric of physical knowledge is built up. 

It appears that in the year 1757 Black commenced a course of 
lectures in the University of Glasgow, and at that date the ac- 
cepted opinion on the subject of the liquefaction of any substance 
(say, for example, ice) by the agency of heat was the following :— 

A certain quantity of heat being competent to raise the tem- 
perature of a mass of ice from 31° F. to 32° F., the same quantity 
of heat would be competent to melt the ice completely and to 
produce an equal weight of water at 33° F. In other words, the 
rise of the thermometer revealed the entrance of heat into the 
melting body, and gave an exact measure of the quantity so 
entering and combining with its substance. 

This was the statement propounded in the schools at the time 
referred to ; and, in respect of congelation, it was supposed that 
the inverse process was a simple undoing of that which had been 
done before, whereby water lost no more heat when passing into 
ice than that indicated by the fall of the thermometer. 

Black was, however of opinion that when a solid substance 
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joch as ice, changed into a liquid, it received a much greater 
quantity of heat than that perceptible immediately afterwards by 
the application of a thermometer ; and he performed an experi- 
ment which not only established his conclusion, but also gave him 
a measure of the excess of heat required to cause liquefaction in 
a solid substance. 

black's doctrine of latent heat. 

The object being to estimate the amount of absorption of 
heat into melting ice, and the concealment of it in water, Black 
selected two thin globular glasses, A and B, each about 4 inches 
in diameter, and very nearly of the same weight. Into A he 
poured 5 ounces of pure water, which he congealed by a freezing 
mixture of snow and salt, and after allowing the glass to stand for 
a few minutes until the ice inside was beginning to melt and the 
temperature of the siuface had risen {in his esiwiaiion) to 33° F., 
he suspended A by a slender wire in a large empty hall, the air of 
which remained at a uniform temperature of about 47° F. through- 
out the experiment 

In like manner he poured into B exactly 5 ounces of water 
previously cooled as nearly as possible to 33° F., and after placing 
a very delicate thermometer therein, he suspended this latter vessel 
at a distance of 18 inches from A. 

At the end of one half-hour the water in B rose to 40° F., but 
it was not until a lapse of ten and a half hours that the water in A 
arrived at the same temperature, and that the whole of the ice 
became practically melted, the residue being a very small spongy 
mass which was disregarded. 

Black reasoned, according to the scientific language of that 
day, somewhat as follows : — The external heat is entering the 
water-glass with a certain celerity whereby it has received 40-33 
or 7 degrees of heat in one half-hour ; the external heat is entering 
the ice-glass under similar circumstances, and the heat received by 
the ice-glass in twenty-one half-hours is 21 x (40-33) or 147 degrees. 
This is a quantity of heat which, had it been added to the liquid 
water, would have directly raised its temperature by a cotie?>^OTv(i- 
vas amount No part of this heat, however, appears m tYve n\^Xci 
except, at the utmost, 40-32 or 8 degrees, and the mfeitwe^ x^ 
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that the remaining 139 or 140 degrees have been absorbed by the 
melting ice and are concealed in the water into which it has been 
changed. 

The expression ' a degree of heat ' was here used as meaning 
that which is properly called a 'unit of heat,' and which cannot be 
defined until the theory of heat is explained. The student will 
find the whole matter set forth in the second chapter ; at present 
he should regard heat as something measurable as to quantity, 
although not a material substance, a thing apparently impossible al 
first sight, but hereafter shown to be entirely reasonable. At this 
stage he should be careful to avoid the use of the word ' degree' 
except as applied to temperature. As a general rule, it is wrong 
to estimate quantities of heat by degrees of temperature. 

For a definition of temperature we refer to Mr. Maxwell. 

Uef : — The temperature of a body is its thermal state con- 
sidered with reference to its power of communicating heat to other 
bodies. 

For a definition of latent heat take the following :— 

Def : — Latent heat is the quantity of heat which must be com- 
municated to a body in one given state in oider to convert it into 
another state without changing its temperature. 

In like manner it was taken for granted that after a body is 
heated up to its vaporific point, nothing further was necessary than 
the addition of a little more heat in order to change it into vapour, 
but Black disproved this notion by a series of experiments, whereof 
one is recorded as having been made on October 4, 1762. 

Into each of two flat-bottomed tin-plate vessels, about 4 or 5 
inches in diameter, he |)oured the same quantity of water at a tem- 
perature of so". The vessels were placed on an iron plate, nearly 
red-hot, under which a fire was burning, and the water in each 
began to boil after an interval of four minutes. In twenty minutes 
more the whole of the water had boiled away ; and since it bad 
gained (in the imperfect language of that day) 162 degrees in the 
first four minutes, or 40^ degrees in oue minute, and since the tem- 
perature of the steam was no higher than that of the boiling water, 

experiment showed that 20x40^ or 810 degrees of heat had 
been absorbed by the water and caxried off by the steam. This 
result is not accurate, for the sources of error are numerous, but 
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the experiment induced more careful investigation, and it is now 
generally taken that 966 '6 units of heat become latent when one 
pound of boiling water is converted into steam. 

Another illustration is thus described by Black : — 

*I have put a lump of ice into an equal quantity of water 
heated to the temperature of 176° F., and the result was that the 
fluid was no hotter than water just ready to freeze.' 

Assuming this to mean that the ice in melting cools the hot 
water down to a temperature of 33° F., we should have 176-33 
or 143 as the number of imits of heat on the Fahrenheit scale 
which became la.tent during the liquefaction of one pound of ice 
at 32° Fc This number expresses the latent heat of liquefaction 
in the case of ice. 

Even at the present day the writers on heat are not in agree- 
ment as to the measure of the latent heat of the liquefaction of ice. 
Tyndall assigns the number 143, Balfour Stewart adopts 142, and 
Maxwell 144, as the number of units of heat on the Fahrenheit scale 
which become latent in the passage of i lb of ice at 32° F. into 
water at the same temperature. 

It appears, therefore, that heat becomes latent when a sub- 
stance undergoes a change of consistence, that is, when it passes 
from a solid into a liquid state, or from a liquid state into one ot 
vapour. Hence we speak of the latent heat of fusion, and of the 
latent heat of evaporation. But heat disappears under other 
conditions, as will be explained, and accordingly it becomes neces- 
sary to refer to the disappearance of heat during expansion as 
well as during certain chemical changes. The doctrine of latent 
heat, so far as it is material at present, relates only to the cases 
of liquefaction and evaporation. 

THEORY OF HEAT AT THE TIME OF BLACK. 

In order to prepare the way for the first great discovery in the 
steam-engine, we should carefully consider the view which Black 
himself entertained as to the nature of this thing called heat which 
became latent during the conversion of ice into water or of water 
mto steam. 

To us, at the present day, vrhiie profiting by the W^Vvl ol \.Vve 
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knowledge everywhere existing, it seems incredible that anyone 
who thought on the subject could have seriously entertained any 
doubt but that something capable of being measured as to its 
quantity was really passing from the furnace into the boiler of an 
engine during the whole time that the water was being converted 
into steam. Any such erroneous notion as the measurement of 
quantities of heat by a thermometer was swept away at once and 
for ever by Black's experiments ; but nevertheless it is a remark- 
able thing to find that the very men who became the leaders in a 
new advance of scientific research should have embraced theo- 
retical views as to the agency of heat which in their turn barred 
the way to all true progress. 

The doctrine of latent heat was made transparently clear by 
the facts just referred to, but the question as to what heat really 
was received a most unsatisfactory solution. For the present pur- 
pose it is unnecessary to refer to the arguments by which the so- 
called material tJieory of heaiy or the doctrine of caloric^ was sup- 
ported. 

It may here suffice to state the view entertained' by Black and 
those who followed in his steps, viz., that heat is a subtle elastii 
fluid termed caloric^ which surrounds, as by an atmosphere, the 
grosser particles of all material bodies ; the atoms of caloric being 
so much smaller than those of matter, that each material particle 
may be conceived to be surrounded by a large number of thenL 
Further, the atoms of caloric have a strong repulsion for each 
other at the same time that they attract the particles of matter. 

In other words, heat is an indestructible, elastic, gaseous fluid, 
which weighs nothing, which insinuates itself into the pores of 
bodies, causing them to expand and dilate, which combines with 
bodies so as to become latent when they pass from a solid to a 
liquid state, or from a liquid into a vapour, and which reappears 
when tlie passage is reversed. Just as certain gases are absorbed 
and become fixed in bodies, so this subtle fluid of heat enters into 
every form of matter, and causes repulsion by reason of the 
property that its own particles are self-repulsive and not attrac- 
tive. In this way the repulsion due to Uie heat fluid separates 
the particles of ice till it becomes water, and still fiirther drives 
asunder the particles of water till it passes off as steam or vapour. 
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At the time of Watt, when the advantage of using high-pressure 
steam came to be discussed, the absorption of heat in generating 
steam was thus regarded, and it was said : * Highly elastic steam 
requires as much more heat for its formation as it is more elastic ; 
for it is, in fact, only a greater quantity of heat and water crowded 
into a smaller space. Hence, any greater power that it possesses 
will be obtained by a proportionately greater expenditure of heat' 

The conception that heat was a fluid received all possible 
adornment at the hands of mathematicians, as in Kelland's theory 
of heat, A.D. 1837, which was a text- book at Cambridge down to 
the year 1849, ^^ ^^^^ later. In this work the statement on the 
first page is that * the popular (probably the correct) idea attached 
to heat or caloric is that of a subtle fluid emanating from hot 
bodies and entering between the particles of colder ones.' 



SAVERV'S ENGINE. 

^\rt. X. We pass on to review the invention of steam-engines as 
preceding and accompanying the discovery of the doctrine of latent 
heat, and we prefer to begin with an account of the invention of a 
steam-engine which was the subject of letters patent, bearing date 
July 25, 1698, and granted to Thomas Savery. An account of 
this * engine to raise water by fire ' was set forth by the inventor in 
a treatise called * The Miner's Friend.' A cheap reprint of the 
paper, together with facsimile copies of Savery's drawings, can be 
obtained at the Patent Office. 

In a letter addressed to the* Gentlemen Adventurers in the Mines 
of England ' the patentee says that he should never have pretended 
to any invention by the old causes of motion, buv that he ' had 
happily found out this new, but yet much stronger and cheaper, 
force or cause of motion than any before made use of.' Then 
he points out the advantages of the new method, and makes one 
observation which gives an idea of mechanical construction at that 
time : ' As for pump-making, that part of the trade will be much 
improved by my engine, for I must use board and timber for 
pipes, and have considerable employment for pump makers and 
carpenters for timber used about my engine. . . . For my design 
is not in the least to prejudice the artificers, or, indeed, aT\^ o\\\^i 
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sort of people by this invention, which on the contrary is intended 
for the benefit and advantage of mankind in general.' 

Coming after the discovery of the law of atmospheric pressure, 
Savery's engine was based on the principle of the barometer, the 
action being that water was forced upwards into an empty receiver 
by atmospheric pressure, and was aftenvards carried to an ad- 
ditional height by the pressure of steam. 

The arrangement and operation of its working parts will be 
understood from an inspection of fig. i, which is a diagram show- 
mg the principle of the engine without giving the details of its 
constniction. Steam is generated in a boiler a, and passes into a 
receiver b, which communicates with a pipe H k leading from 
some water below the level of the apparatus to a reservoir overhead. 
At E and d are two clack valves, each opening upwards, and f is 
a tap for throwing cold water on the receiver. 




Fig. I. 

The action is the following : — The stopcock c, which admits 
steam from the boiler into tlie receiver, is opened, and the rush of 
steam expels the air from b by driving it upwards through e. Then 
i? is opened and c closed, while a jet of cold water is allowed to 
play upon the outside of b, thereby condensing the steam to a 
gre^t extent and Jowering the pressure of the vapour in b. The 
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pressure of the external air at h presently forces a quantity of 
water up the pipe h and through the valve d, whereby the receiver 
becomes nearly filled with water. Steam is again admitted into 
the receiver and forces out its contents through the valve e. The 
tap F is opened with the same result as before, and the action ii 
renewed. A drawing which shows the general appearance of the 
engine and the mode of applying it to the draining of a mine, is 
to be found in * The Miner's Friend.' There are two receivers, 
each similar to B, the object being to force water out of one vessel 
while the other is being filled, and thus to render the flow con 
tinuous. The boilers and receivers stand upon a stage which ap- 
pears to be some 20 or 25 feet above the level of the water, while 
the height of the overflow may be 30 or 40 feet above the boilers. 

A trial of Savery's engine, as made at Manchester in 1774, is 
recorded by Smeaton. 

The receiver was a cylinder, 2 feet in diameter and 7 feet high. 
The engine delivered water at a height of 1 9 feet above the surface 
of a well, and made 7^ strokes per minute, each stroke filling the 
receiver to a height of 6 feet. The work done was the raising of 
18^ cubic feet of water per stroke through a height of 19 feet, 
which was equivalent to raising 136 cubic feet per minute to the 
same height. The consumption of coal was 32 cwt. in 24 hours, 
or about i| bushels of 84 lbs. per hour. Each bushel of coals 
would therefore raise about 5^ millions of pounds through one 
foot. This is less than one-tenth part of the work performed by 
a modern pum ping-engine. . 

The loss of heat was enormous. First, there was the conden- 
sation of a quantity of steam, consequent upon its coming in 
contact with the cold water about to be driven out by it. No 
doubt this action would speedily come to an end, because a layer 
at a boiling temperature would form upon the surface, and the 
bad conducting i)ower of water would prevent this layer from 
extending to any depth, but in the mean time a considerable waste 
of heat took place. And secondly, during the expulsion of the 
contents of the receiver additional surfaces of cold metal would 
be continually presented which would cause condensation, the 
neat so absorbed being entirely wasted. The principal defect, 
namely, the alternate heating and cooling of thetecevvei,xe«va\Yv^^ 
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uncorrected and chmg to the engine through all subsequent stage* 
of modification and improvement until the invention of a separate 
condenser in the year 1769. 

THE PRESSURE OF STEAM FROM WATER BOILING IN THE OPEN 
AIR IS EQUAL TO THE PRESSURE OF THE ATMOSPHERE. 

2. There are many simple experiments for shomng that the 
pressure of steam from water boiling in an open vessel is equal to 
the pressure of the atmosphere. 

I. — A cylindrical vessel with flat ends, made of tin-plate, 
say 5 inches in diameter and 10 inches long, has a stopcock fitted 
at the top. A small quantity of water is poured into the cylinder, 
and made to boil by the heat of a lamp. As soon as steam issues 
freely from the stopcock, the tap is closed and the vessel is ex- 
posed to a jet of cold water ; this condenses the steam, whereby 
a partial vacuum is formed within the vessel, and the atmospheric 
pressure causes its sides to collapse and to flatten together witl) 
considerable violence. 

The explanation is that the steam displaces and drives out 
the air — just as it cleared the air frcm the receiver b in the 
Savery engine — but supplies a pressure undistinguishable from 
that of the atmosphere, which pressure continues until conden- 
sation takes place. 

2. — Another experiment, ver}' easy of performance, gives the 
young student an insight into some fundamental properties of 
steam. 

A glass flask, a, about 4 inches in diameter, is partly filled with 

water and placed over the flame of a lamp, 
c D is a bent glass tube, one leg of which is 
open and passe*; through a cork in the neck 
of the vessel, while the other terminates in a 
fine orifice and dips into a beaker of cold 
water. 

Firsty let the open end of the tube in a 
be raised above the level of the water. 

On applying hea t, bubbles of air continue 
Fig, 2, ^^ escape into b •, l\v\s ^\\ovi?, \Jcv^ ^TL^ansion 

of air by heat ds well as tJie displacemetvl oi w. \i>j n^^ N^^^\a c?v 
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water. The bubbling of the air in b goes on until the water has 
been boiling some little time, the steam which is carried over with 
the air being condensed in the tube itself ; but presently no more 
air escapes and a loud cracking noise indicates the escape and 
condensation of the steam at the orifice. 

The next thing to be noticed is the rise of temperature of the 
water in b. It may easily be arranged that the water in e shall be 
caused to boil by the condensation of the issuing steam, and then 
we have the water boiling in both vessels. This result was 
observed by Watt and caused him to consult with his friend Dr. 
Black as to the correct explanation of it 

Secondly^ press the tube further into a until the end dips below 
flie level of the water, and remove the beaker. It will now be 
seen that the water rises up the tube and begins to travel along 
CD. By withdrawing the lamp and again applying it, the end of 
the column of water may be made to move to and fro along c d, 
thereby indicating the delicacy of balance between the pressure of 
the steam in a and the pressure of the atmosphere outside the 
vessel 

Finally, replace the beaker, and the water can be passed from 
B to A or from a to r at pleasure. 

savery's engine inadequate for draining mines. 

3. In considering the practical working of Savery's engine it is 
necessary to remember that although water could be raised through 
a height of 20 feet or thereabouts into the receiver by simple 
atmospheric pressure, there would still remain the task of forcing 
it to the top of the mine, and for this purpose a supply of steam 
would be required at a pressure proportionate to the height of the 
column of water lifted, every additional 33 feet of water demand- 
mg an increased pressure of 15 lbs. on the square inch, which 
again would require to be supplemented to the amount of 3 or 4 lbs. 
m the boiler in order to overcome loss by cooling, condensation^ 
and friction. 

The main obstacle to the application of the apparatus on a 
laige scale would be found in the boiler. How was a vessel to 
be constructed which should support with safety an internal burst* 
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ing pressure some two or three times greater than that of the l 
.atmosphere ? The practical difficulties comiected with the con- \ 
struction and form of boilers will be discussed in a separate chaptei^ 
and here it may suffice to refer to Mr. Bramwell (* Lectures on the 
Steam-Engine *), who remarks : — * It is by no means surprising that 
the mechanical skill and appliances of that time were unable to 
cope ^ith the demands made upon them, and that pipes, jointSi 
and cocks leaked and gave way/ whereby it became impossible to 
make a good working engine for mines. 

A pumping apparatus on Savery's principle was thus inadequate 
to die wants of mining engineers, and the problem of adapting the 
power of steam to the lifting of water through considerable heights 
yet remained open for solution. It was speedily mastered by the 
mventive genius of Newcomen, whose engine, improved and altered 
and remodelled by Watt, has yet remained to the present day as 
die representative type of a single-acting pumping engine. 

newcomen's invention of the atmospheric engine. 

4. It appears that about the year 17 10, Thomas Newcomen, 
ironmonger, and John Cawley, glazier, of Dartmouth, in the county 
of Devonshire (whose names are associated as the makers of the 
first engine which worked a pump), made several experiments in 
private, and in the year 1712 put up at Wolverhampton an engine 
which acted successfully. The progress made was very rapid, 
and it is recorded that in the year 1737 there was a pumping 
engine of the Newcomen construction working a succession of 
pumps each 7 inches in diameter and 24 feet apart, and making 
'6 feet strokes at the rate of 15 per minute, whereby water was 
pumped from cistern to cistern throughout the whole length of a 
shaft 267- feet deep, by steam at or near the atmospheric pressure. 
Nothing can show more clearly the remarkable character of 
N^ewcomen's invention than a statement of these numbers, but it 
remains to set forth the exact principle as discovered and applied. 

It would seem that improvements connected with the steam- 
engine have followed closely upon those made in connection with 
enquiries into the nature and properties of air. As pointed out 
'by Mr. Scott Russell in his excellent work on the steam-engine; 
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favery's idea was nothing more than an application of the discovery 
■fthe law of atmospheric pressure; and in like manner Newconien 
might well have been a pupil of Otto von GueTlcke, and nn'ght 
fcave claimed merely to have put to a practical use one of the- 
earliest experiments on the power of an air-pump. As a matter 
of fact it is very probable that Newcomen worked out the problem 
quite independently of any previous knowledge of what had lieeiv 
done by Otto von Guericke, but in collaring the history of inven- 
tions it is impossible lo lose sight of the various steps made in one 
common direction. The most striking early experiment with tlie 
air-pump was the cohesion of two hemispheres known as the 
Magdeburg hemispheres, but there was another illustration nearlj' 
as remarkable, which was the follomng ; — 

A vessel of copper made tnily cylindrical was fitted with a 
' piston 8 inches in diameter, which allowed no air to leak roimd it. 
The piston was attached to a rope passing over a pulley above the 
cylinder and carried on one side so as to run over a second pulley 
before being attached to a heavy weight. When the trial began 
the weight was on the ground, and the piston was at the top of 
the cylinder. A boy then pumped out the air from the bottom of 
the cylinder by means of an air-pump, and the result was that the 
pressure of the external atmosphere on the movable piston forced 
it down and lifted the weight. 

The work here done by the air-pump could be accomplished 
equally wel! by steam. The exhausrion of the cylinder might be 
effected by a jet of steam, which would displace the air within, 
and supply a pressure equal to that of the atmosphere. Upon 
condensing the steam the cylinder would be exhausted even more 
completely than by the mechanical action of an air-pump, and the 
piston would be forced down just as in the previous experiment. 

Instead, however, of lifting a weight by a chain passing over a 
pulley, Newcomen employed a beam and gave us the type ol 
modern beam engines. The object in view was to pump watei 
out of a mine, and the arrangement for doing it was to hang the 
pump rods at one end of a strong beam centred on its middle 
point, and to hang the piston of a steam cylinder at the other end 
of the beam. The condensation of steam in the space below the 
. pisUm produced a vacuum, and the piston was foTced do^NYW^'tda 
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by the pressure of the atmosphere. The descent of the piston at 
one end of the beam caused the rise of the pump rods at the other 
end, and thus the atmosphere was continually exerting a mighty 
force in pulling down one end of the beam against the drag of the 
pump rods. As soon as steam was readmitted under the piston 
the pressures on its upper and under surfaces were balanced, 
whereby the weight of the pump rods caused them to descend and 
carried the piston to the top of the cylinder. This was the general 
plan of the engine, and it is said that a beam was indispensable, 
for there was at that time no special machinery for boring out 
cylinders, and the packing of a piston so as to make it steam-tight 
was most easily effected by a layer of water lying on the top 
thereof In order to use this water-packing the cylinder was of 
necessity vertical, and the pumps did their work as the piston de- 
scended. It will be seen that the leakage would be trifling during 
the ascent of the piston, at which time the pressure of the steam 
balanced that of the atmosphere, and that on the descent of the 
piston or during the condensation, the leakage might be consider 
able, but it would do no harm but rather good, as the water passing 
into the cylinder would help to condense the steam. A story is 
told to the effect that in putting up his first engine, Newcomen in- 
tended to condense the steam by dashing cold water on the out- 
side of the cylinder, and was surprised to find the engine make 
several strokes and very quick together ; on searching he found 
that the piston leaked so much as to allow a quantity of cold 
water to pass to the inside of the cylinder, and thereby to condenst 
the steam. This led to the use of a jet condenser as it is called, 
that is, a jet of cold water thrown in a spray into the interior of 
the cylinder itself. 

DESCRIPTION OF NEWCOMEN'S ENGINE. 

5. The general arrangement of Newcomen's engine is shown 
m the diagram. A piston p, movible in the steam cylinder a. 
was attached by a chain to one segmental end of the working 
beam, the pump rods r being hung by a chain at the other end. 
The boiler b was directly under the cylinder, and a plate or 
rfg^ulator valve K admitted the steam thereto. Towards the 
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I of the cylinder Tv-is a. small | ipe terminating in a clack 
', called a snifting valve which opened upwards. A pipe 
ding to a astern of niter overhead was fitted with ao 
in cock E and there was an eduction or waste pipe l m lei- 
minating in a small cistern, and having at its end a clack valve m 
immersed m water and openine upwards The drawing alsi- 




s a vertical rod u G, called a plug rod, which was employed 
for working the valves, but no attempt is made to indicate the 
manner in which the connections were made. There was also a 
small pump T which raised water into the cistern above f, the pipe 
connecting t with the cistern not being shuivn. 

The weight of the pump rods was greater than that of the 
piston, and acted as a counteipoise to keep it al lUe vov o^ ^ 
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cylinder unless brought down by external pressure. In order to 
work tlie engine, the pressure of the steam in the boiler should be 
St least 1 lb. per square inch in excess of that of the atmosphere, 
and the reservoir should be several feet (usually lo to 12) above 
the bottom of the cylinder, whereby a strong jet of injection 
water would be thrown in. The piston being, as above stated, 
at the top of the cylinder, the steam regulator k was opened and 
the entering steam cleared out all air from the space a, and drove 
if. through the valve d. The injection -cock e was then opened, 
whereby the injeclion water entered the cylinder, slowly at first, 
but with great force afterwards, as the condensation went on ani 
the pressure of the enclosed vapour was reduced to ^ or J that of 
the air outside. The injection-cock was provided with a hammer 
weight to ensure its opening quickly. The condensation of the 
steain took away the pressure from the lower surface of the piston, 
and tliere being nothing to balance the pressure of the atmosphere 
on its upper surface, the piston descended and lifted the pump 
rods together with the column of water resting upon the buckets. 
In this way the down stroke of the piston, technically called the 
^indoor stroke,' was completed. 

The ascent of the piston in making the return or ' outdoor' 
stroke was effected by closing the injection -cock e, and opening 
the regulator K so as to admit a fresh supply of steam. The 
waste injection water at the bottom of the cylinder would cause 
some loss of the entering steam, but it would soon be expelled 
through the eduction pipe. The pressuie on the lower surface o( 
the piston would be at first a little greater, and afterwards about 
equal to that of the atmosphere, and hence the weight of the 
pump rods would carry the piston to the top of the cylinder. 
The injection-cock would then be opened and the action would 
go on as before. 

6. The following example of the working of a small Newco- 
men's engine is given by Farey, and demonstrates its superiori^ 
over Savery's contrivance. It is said that the original engine put 
up at Wolverhampton bad a cylinder 23 inches in diameter with 
a 6 feet stroke, and made 15 strokes per minute when worked bj 
hand, or 1 2 strokes when made self-acting, and the dimenaiofu 
now about to be p;iven are nearly identical with these. 
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ExAMPi,E. — Diameter of cylinder =24 inches, area=:452 square 
bches. 

Pressure of atmosphere =14 J lbs. 

Pressure of residual vapour in cylinder at temperature of 
140® F. to 160® F.=4 lbs. suppose. 

.'. effective pressure on piston =1 of lbs. 

Here the pump was of 8-inch bore, and the lift 54 yards in 
perpendicular height, whence weight of column of water =3, 535 lbs. 

Taking the pressure on piston at 7*8 lbs., we have 452 x 78 
=3,525, and therefore a pressure of 7*8 lbs. will about balance 
\ flie weight of the water lifted, leaving the difference to raise the 
counterpoise and overcome the friction of the engine. 

Let the stroke of the piston be 5 feet, and the number of 
strokes 15 per minute. 

.'. Work done=3535 x 75 foot-pounds =265, 125 foot-pounds. 

Adopting Watt's estimate that" a horse can raise 33,000 lbs. 
through one foot in one minute, we have the horse-power of the 
engine 

= 5j 5 _- 3 nearly. 

Also the quantity of water raised per minute is equal to 26*1 
^ cubic feet, which is 1,566 cubic feet per hour, 

7. A singular fact is observed in the working of the engine, 
namely, that at the beginning of the * indoor ' stroke the cylinder 
is heaved upwards with a jerk. In a large engine the weight of 
the cylinder will not counterpoise this upward action, and accord- 
ingly massive beams are built into the wall of the engine-house 
in order to hold the cylinder securely in position. 

* The lifting of the cylinder is caused by the immediate con- 
densation of steam when the injection water is first admitted, and 
affords a remarkable illustration of the rapidity with which the 
steam loses its elastic force in the presence of a colder body. 

• The pressure is instantaneously relieved, but there is a small 
interval of time, probably from J to ^ a second, before the inertia 
of the pump rods and of the water column is overcome, and the 
piston begins to move. During that interval the pressure of the 
atmosphere on the piston and on the base of the cylinder tends 
to bring them together, and whichever can move first will do so. 

c 
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Usually it is the piston which moves, but during the small interval 
while the piston is held immovable by the inertia of the pump 
rods, the cylinder would be pressed up to meet the piston unless 
it were restrained, and hence the necessity of the precaution 
referred to. 

As regards the height of the cistern for the supply of injection 
water, it was usually 1 2 feet for an engine of 6 feet stroke, but 
was raised, in some of the largest engines, to 24 or 36 feet 

8. The construction of the Newcomen engine was greatly 
improved by Smeaton, who designed and erected an engine for 
the Chase-Water mine, in Cornwall, which had a cylinder of 72, 
inches in diameter, with a 9 feet stroke, and worked up to 76^ 
horse-power. 

The whole structure was on an unexampled scale at that time, 
and it may be interesting to point to one or two matters of detail 
Thus the cylinder weighed 4 tons 16 cwt., and was 10^ feet long. 
The piston was in the form of a flat circular dish 66 inches in dia- 
meter and i^ inch thick, the edge of the dish being raised so as to 
form a vertical rim 5 inches high. Underneath the iron dish was 
a planking of wood 2\ inches thick, bolted on by a number of 
bolts, and forming the actual steamtight packing. The planking 
was surrounded by a hoop of iron \ inch thick and 2\ inches 
broad. There were three columns of pumps, each 16 J inches in 
diameter, and 17 fathoms in length, making a total lift of 51 
fathoms. The weight of the column of water in the pumps was 
estimated at 14 tons. The load on the piston was yf lbs. per 
square inch. The great beam was 27 feet in length, and was 
made up by bolting together 20 balks of timber, the four nearest 
the central line being 12 inches square, and the remainder being 
6 by 12 inches. There were three boilers, each 15 feet in dia- 
meter. 

This was the last effort on a system then about to pass away. 
The engine was set up in 1775, no less than six years after the 
date of Watt's patent ; and we are told that * when erected it was 
the most powerful machine in existence. It worked for a few 
years, and was then altered by Mr. Watt to his improved S3rstexn, 
which soon after superseded all the atmospheric engines in 
Cornwall, where fuel is very expensive, and the mines very deep.' 
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^rATr*S EXPERIMENTS WHILE REPAIRING THE GLASGOW MODEL. 

9. It now becomes necessary to enter upon a brief account of 

k great invention connected with the steam engine, and in doing 

soil may be convenient to refer to the illustration in the frontispiece. 

Tlie engraving is from a photograph showing the present condition 

of the celebrated model of Newcomen's engine, which forms one 

of the principal mechanical treasures preserved in Scotland, and 

which was exhibited at South Kensington in the Loan Collection 

of 1876, with the following label attached to it : — * In 1765, James 

•f/att, in working to repair this model belonging to the Natural 

Philosophy class in the University of Glasgow, made the discovery 

of a separate condenser which has identified his name with the 

steam-engine.' 

We have an account of the progress of the discovery to which 
the mind of Watt was now directed in the language of the inventoi 
himself, and a very brief abstract is here given, partly in his own 
words. Watt says : — * I set about repairing the engine as a mere 
mechanician, and when that was done and it was set to work, I 
was surprised to find that the boiler could not supply it with 
steam, though apparently quite large enough ; the cylinder of the 
model being 2 inches in diameter and 6 inches stroke, and the 
boiler about 9 inches in diameter.' 

Such small models of engines often work very indifferently, 
and Watt's next observation was that the engine required an 
enormous quantity of injection water, though but lightly loaded 
by the column of water in the pump. 

He considered that the waste of steam was caused by the fact 
that the little cylinder exposed a greater surface for condensation 
in proportion to its contents than would be found in the cylinder 
of a large engine. Then he thought that ' the cylinder of the 
model, being of brass, would conduct heat much better than the 
cast-iron cylinders of large engines (generally covered on tlie 
inside with a strong crust), and that considerable advantage could 
be gained by making the cylinders of some substance that would 
receive and give out heat slowly.' 

He next tried a wooden cylinder^ wt& soaked in oil and "b^t^ 
o dtyness, but it soon became apparent that the matena\ nn^s 

c 2 
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unsuitable, and that the proportion of steam condensed on ad- 
mission into the cylinder still exceeded that observable in large 
engines. He found also that any attempt to produce a better 
exhaustion by throwing in more injection water caused only a 
greater waste of steam. On reflection, he attributed some part of 
the difficulty to the boiling of water in vacuo at low heats, a dis- 
covery then recently made by Dr. Cullen, whereby the water in 
the cylinder would produce a steam, capable in part, of resisting ; 
the pressure of the atmosphere. 

Watt was then led to experiment as to the temperature of 
water boiling under pressures greater than that of the atmosphere, i 
from which it appeared * that when the heats proceeded in an | 
arithmetical, the elasticities proceeded in some geometrical ratio.' 

Being now led to examine the bulk of steam which could be 
obtained from a given quantity of water boiling under atmospheric \ 
pressure. Watt made the following experiment : — * Into a Florence 
flask capable of holding lyj- oz. of water, he poured i oz. of 
distilled water, and fitted a glass tube into the flask by a steam* 
tight joint made by packthread and putty.* He goes on to say : — 
'When the flask was set upright, the end of the tube reached 
nearly to the suriace of the water, and in that position the whole 
was placed in a tin reflecting oven befo' e a fire, until the water 
was wholly evaporated, which happened in about an hour, and 
might have been done sooner had I not wished the heat not 
much to exceed that of boiling water. As the air in the flask was 
heavier than the steam, the latter ascended to the top, and expelled 
the air through the tube. Wlien the water was all evaporated, 
the oven and flask were removed and a blast of cold air was 
directed against one side of the flask to collect the condensed 
steam in one place.* Then he weighed the flask with these con- 
densed globules in it, again heated the flask and dried it by blow- 
ing air into it with a bellows, and found the weight of the water 
to be rather more than 4 grains (estimated at 4J grains). Also 
the flask held 17^^ oz. of water, or 8,220 grains. From these 
numbers it was apparent that the volume of steam was about 
r,9oo times that of tlie boiling water from which it was generated. 

Allowing for sources of error in the estimation, Watt appears 
to have considered that i cubic inc\v oT "waxet aX i\i^ '^ AcproasA. 
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I cable foot of steam at 212° R, and at the atmospheric pressure 
Both estimates are too large, and Mr. Maxwell gives 1,650 as 
representing approximately the number of cubic inches of steam 
at 212*^ F. obtained from i cubic inch of water at its temperature 
of greatest density, viz., 39*1° F. 

The next experiment was of great practical value : — ^A glass 
tube being bent at a right angle, one end was inserted horizontally 
into the spout of a tea-kettle and the other end was turned down- 
wards into a vessel containing a known quantity of cold water 
taken from a well The temperature of the water is not re- 
corded. 

Steam from the kettle was passed into the water until it began 
to boil, and the weight which it had then gained was found to 
be ^ part of the original weight. Watt inferred that water when 
converted into steam can heat about 6 times its own weight of 
well-watw to 212° F., or till it can condense no more steam, and 
he goes on to say : * Being struck with this remarkable fact, and 
not imderstanding the reason for it, I mentioned the matter to 
my friend Dr. Black, who then first explained to me the doctrine 
of latent heat On reflecting farther, I perceived that, in order 
to make the best use of steam, it was necessary first that the 
cylinder should be maintained always as hot as the steam which 
entered it ; and secondly, that when the steam was condensed, 
the water of which it was composed, and the injection itself, 
should be cooled down to 100*^ F., or lower, where that was 
possible. The means of accomplishing these points did not im- 
mediately present themselves; but early in 1765 it occurred to 
me that if a communication were opened between a cylinder 
containing steam and another vessel which was exhausted of air 
and other fluids, the steam, as an elastic fluid, would immediately 
msh into the empty vessel, and continue so to do until it had 
established an equilibrium; and that if that vessel were kept very 
cool by an injection or otherwise, more steam would continue to 
enter until the whole was condensed.' Then Watt proposed to 
employ a pump to extract both the air and the water from this 
second vessel, which formed the separate condenser of the improved 
steam-engine. 

Other improvements * followed as corollaries in quick succes- 
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sion.* Thus water packing was inadmissible, for if any water 
entered into a partially exhausted and hot cylinder, it would boiL 
and prevent the production of a vacuum. This defect he proposed 
to remedy by employing wax, tallow, or other grease to lubricate 
and keep the piston tight Then he saw that the open mouth of 
the cylinder would admit air and cool the interior thereof, and 
he therefore proposed to * put an air-tight cover upon the cylinder 
with a hole and stuffing box for the piston to slide through, and 
to admit steam above the piston to act upon it instead of the 
atmosphere/ There still remained the cooling of the cylinder by 
the external air, and this he remedied by the use of an external 
cylinder containing steam (now called a steam- jacket) surrounded 
by another of wood, or of some other non-conducting substance. 



watt's patent of 1769 
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10. Having thus pursued the train of thought developed in 
carrying out the invention of a separate condenser, it may be use- 
ful to turn to the specification of the patent granted on January 5 
1769 to James Watt (No. 913) for *a new invented method ot 
lessening the consumption of steam and fuel in fire-engines.' The 
document commences with an unfortunate sentence, viz. : — 

* My method of lessening the consumption of steam, and con- 
sequently fuel, in fire engines consists in the io^^y^'xvig principles* 

Now it is a maxim of the law that there cannot be a patent for 
a principle, and accordingly the property in an invention which 
revolutionised the mechanical industry of the whole world was 
nearly shipwrecked on the teclinical objection that the method 
claimed was a principle and not a manufacture ; and it was only 
after a long struggle that the question was determined in favour of 
the inventor. The Court of Common Pleas was unable to arrive 
at any decision, but the objection \vas finally disposed of by the 
strong common sense of Lord Kenyon, C. J., who observed : — * I 
have no doubt in saying that this is a patent for a manufacture, 
which I imderstand to be something made by the hands of man.' 
An account of the proceedings in Boulton and Watt v. Bull, and 
in Homblower z/. Boulton, is given in an * Abstract of Patent Cases,' 
by the author of the present treatise. 
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The specification goes on to describe the invention of the 
leparate condenser, and shows the sense in which the word principle 
las been employed, as follows : — 

* Inrst That vessel in which the powers of steam are to be 
employed to work the engine, which is called the cylinder in 
:ommon fire-engines, and which I call the steam vessel, must, 
Juring the whole time the engine is at work, be kept as hot as the 
steam which enters it 

* I, By enclosing it in a case of wood or other materials they 
transmit heat slowly. 

* 2. By surrounding it with steam or other heated bodies. 

* 3. By suffering neither water nor any other substance colder 
than steam to enter or touch it during that time. 

* Secondly, In those engines that are to be worked wholly or 
partially by condensation of steam, the steam is to be condensed 
in vessels distinct from the cylinders, though occasionally com- 
municating with them. These vessels I call condensers^ and whilst 
the engines are working they ought to be kept as cool as the air 
in the neighbourhood by the application of water or other cold 
bodies. 

* Thirdly. Whatever air or other elastic vapour is not condensed 
by the cold of the condenser is to be drawn out of the steam 
vessels or condensers by means of pumps wrought by the engines 
themselves or otherwise.' 

The remainder of the specification is not important for the 
present purpose except towards the end, where the patentee states : 
— 'Instead of using water to render the piston or other parts of 
the engines air and steam tight, 1 employ oils, wax, resinous bodies, 
fat of animals, quicksilver or other metals in their fluid state.' 

There was no drawing annexed to the specification, and in this 
respect the description was imperfect. 

II. It appears that in Watt's first experimental model the con- 
denser consisted of two small pipes of thin tin-plate, each about 
12 inches long, connected at their upper ends with the steam 
cylinder and at their lower ends with a common suction pump ; 
the tubes and pump being wnolly immersed in a vessel of cold 
JV'ater. This would now be called surface condefisation. 

It further appears that the pipe condenser was afterwards 
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changed for an empty vessel, generally of a cylindrical shape, into 
which an injection of cold water played in the form of a jet, and 
the air-pump was enlarged in consequence of there being more 
water and air to extract This is 2^ jet condenser. 

Watt says that * the change was made because, in order to 
procure a surface sufficiently extensive to condense the steam of a 
large engine, the pipe condenser would require to be very volumi- 
nous, and because the bad water with which engines are frequently 
supplied would crust over the thin plates and prevent their con- 
veying the heat sufficiently quickly.' 

Portions of some such apparatus as that here referred to are to 
be found among the collection of Watt's models now preserved a^ 
South Kensington. 

12. The annexed drawing approaches closely to the form of 
one of the early pumping engines with a separate condenser, and 
it is introduced in order to show that a steam-jacket was an 
essential portion of the steam cylinder. Here, as in Newcomen's 
engine, the piston and pump rods were suspended by chain? from 
the working beam, and the work done by the steam was that of 
lifting a weight When the engine was at rest the piston remained 
at the top of the cylinder. 

The drawing shows a steam pipe s opening into a jacket or 
steam casing which surrounds the cylinder a, and ^^hich provides 
that a supply of steam shall always press down upon the upper 
surface of the piston p. The cyhnder is now completely closed 
in, and accordingly the piston rod passes through a steam-tight 
box and packing at k, the constmction of which will be explained 
in Chapter V., to which we refer for all such details. At the bottom 
of the cylinder is an eduction pipe leading into the condenser c, 
and there are two valves, e and d, the valve e opening into tlie 
eduction passage from tlie steam casing and the valve d being in 
the pipe itself. There is also an injection orifice for admitting 
cold water into the condenser, a foot valve r for preventing the 
return of any water or air after it 1ms been drawn out therefrom, 
and an air-pump q for removing from the condenser the water and 
air which are continually accumulating. At the top of the air-pump 
chamber there is a valve n (called a delivery valve), which opens 
mto a reser'oir or hot well, intended to receive the water that 
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wCn warmed by condensation of the steam, and from wliicJi 
upply for tlie boiler is continually being drawn. There is also 
w-o£f valve L, or valve opening outwards from the condenser, 
h corresponds to the snifting valve in Newcomen's engine. 
n setting the engine in motion the first thing to be done is to 
all the air from the lower part of the steam cylinder and con- 
er, which is effected by alloiving the steam to pass freely through 




Mndenser and to escape at the hlow-off valve. The air beiri 
illed, the engine can begin to moi'e. The equilihrium valve 1 
losed, the eduction valve d remains open, and the injectioi 
: is opened ; a jet of cold water now rushes into the condenser 
creates a partial vacuum, the steam from below the piston flows 
the condenserand is converted into water, whereupon the prcs- 
of the boiler steam on the upper surface of the piston carries il 
n and raises the pump ro&s. When the piston reacVe* *i^« 
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bottom of the cylinder the eduction valve is closed as well as thf 
injection orifice, and the equilibrium valve is opened, thereby per- 
mitting the steam from the boiler to flow freely into the space below 
the piston. This equalises the pressure on both surfaces, and the 
weight of the counterpoise or of the pump rods carries the piston 
again to the top of the cylinder just as in the case of Newcomen's 
engine. All this time the air-pump is at work, removing water or 
air from the condenser, and sending it through the delivery valve 
into the hot well. 

The principle being that nothing colder than steam shall enter 
the cylinder during the working of the engine, tlie air which pressed 
down the piston in the atmospheric engine is replaced by steam 
at a pressure equal to or a little above that of tlie atmosphere. 
The function of the equilibrium valve is to allow steam to pass 
underneath the piston, and the condensation takes place in a 
separate vessel, The early commentators on Watt's engine (Dr. 
Robison, for example), speak with interest of the fact that * the 
cylinder may be allowed to remain hot ; nay, boiling hot, and yet 
the condensation may be completely performed.* The reason that 
this happens will be better understood when the properties of a 
vapour are discussed, but the instantaneous fall of pressure in the 
steam can hardly be accounted for without reference to the modem 
theory of the constitution of gases. 

13. In the form above described, the engine should be regarded 
as a Newcomen's engine with steam instead of air acting upon the 
piston, and provided with a separate condenser. But a material 
change was soon introduced, for it was seen that many advantages 
would arise from cutling off the free communication between the 
boiler and the top of the piston by means of a third valve capable 
of regulating both the periods of admission and cut off of the 
steam in the upper part of the cylinder. At the present time three 
valves, viz. a steam valve, an equilibrium valve, and an eduction 
valve, are always to be found in a single-acting pumping engine 
of Watt's construction, and as a matter of precaution a fourth 
valve, or steam regulator, is interposed just on the boiler side of 
the steam valve, being kept permanently open while the engine is 
at work. 

The drawing shows the arrangement of the three principal 
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ts in a single-acting engine of the early cotistruction ; s is thp 
m valve which admits steam from the boiler, e the equilibrium 
^ o the eduction valve which opens or closes the passage to 
ibe condenser. 

The action is the followii^ : — ^As before, the piston being at 
le top of the cylinder, and the air being blown out of the cylinder, 
condenser, and steam passages, the valves s 
and D are opened, and e is closed. At the 
I same time a jet of cold water is admitted into 
flie condenser, whereby the steam which has 
displaced the air in the interior of the engine 
ilcondensed and a partial vacuum is formed 
bdow the piston, the result being that the 
I steam above the pision forces it down and 
taises the pump rods. When the piston 
reaches the bottom of the cylinder s and d 
are closed and e is opened, whereupon tlie 
steam which drove the piston down circulates 
freely on both sides of it, neither assisting 
nor retarding its motion, and the weight of ' ~~~' — *t'J""Ju 
the pump rods or counterpoise drags the 
piston to the top of the cylinder. The 
double movement is ihus completed, and it '"" *' 

will be seen that s is an independent valve «hicli can be closed at 
any period of the stroke. 

It should be noted that the method of representing the valves 
is conventional, the object being to indicate their operation, but 
not their construction. 



14. The drawing on p. z8 is inserted in order that the general 
arrangement of the engine may be placed before the student. 
It is taken from one of the series of lecture diagrams published 
by Messrs. Chapman and Hall in connection with the Science 
and Art Department, and gives a fair idea, of the lespecUve -wotV.- 
'lag parts. The beam is the first thing to notice as an exa."m^\ft 
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of construction, for it is put together with a due regard to me 
chanical prindples, and presents a striking contrast to the bean 
i^hich appears in early dranings of Newcomen's engine. 
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The beam of a modem pumping engine is, of course, no longer 
* tmssed wooden beam, but it is made either of cast or wrought 
iron. By way of comparison we may refer to an example to be 
found in a pumping engine at the Clay Cross Colliery, which has 
a cylinder 84 inches in diameter, with a stroke of 10 feet, and 
raises water from a depth of 420 feet Here the beam is of 
wrought iron, formed by two massive slabs placed side by side, 
each 2 inches thick, and 7 feet i inch deep at the middle, but 
tapering to 3 feet 4 inches at each end. The full length of the 
beam is 36^ feet, and when the several parts are all put together, 
with a strong cast-iron centre piece for supporting the gudgeons. 
it weighs about 33 tons. 

In our drawing the pump terminates suddenly in a cistern of 
water, but the intention is not to follow out what is done literally, 
and the pumps at Clay Cross are combined lifting and forcing 
pumps, the water being lifted through 150 feet, and forced up the 
remaining 270 feet by a plunger. 

The valves in Watt's engine are worked by toothed sectors 
engaging with racks, a method which is represented in a drawing 
given in Chapter V. The operation of the valves is the same 
now as formerly, their construction being the only thing that has 
been varied ; and at Clay Cross the steam valve is 14 inches in 
diameter, while the equilibrium and eduction valves are re- 
spectively 12 and 18 inches in diameter. Except in matters of 
detail there is no essential difference between an early example 
of Watt's single-acting engine and the Cornish pumping engine of 
the present day. 

THK EXPANSION OF STEAM. WATT'S PATENT OF 1 782. 

15. Referring back to Article 13, where it is stated that s is an 
independent valve which can be closed at any period of the stroke 
of the piston, we have now to consider the consequences of closing 
die valve s when some portion only, say i or ^ of the stroke, has 
been completed. Under such circumstances the engine is said 
to work expansively. 

There was no such thing as the expansion of steam, either in 
Newcomen's engine or in Watt's earliest engine with a steam- 
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jacket fully open to the cylinder. In the atmospheric engine 
function of the steam was merely to oppose a force which shoi 
continuously balance the pressure of the external air, and 
work was done while the steam was being exhausted and n< 
while it was in action. In the engine with a separate condens 
the case was different, for the steam did the work and everythingl 
was ready for exi)ansion as soon as provision was made for it by! 
the introduction of a separate valve. But without a cut-off valve 
there would of course be no expansive woiking. 

It appears that as early as 1776 Watt made experiments on 
the expansion of steam, and about that time he altered an engine 
at the Soho Works so as to test the result of an early cut-off. Other 
trials succeeded, but it was not until the year 1782 that Watt took 
out his patent for * certain new improvements upon steam or fire-, 
engines for raising water, and other mechanical purposes/ and 
gave a demonstration of the economy due to expansion. 

The specification (No. 1,321) stated : — 

* My first new improvement in steam or fire-engines consists in 
admitting steam into the cylinders or steam vessels of the engine 
only during some part or portion of the descent or ascent of the 
piston of the said cylinder, and using the elastic forces wherewith 
the said steam expands itself in proceeding to occupy larger spaces 
as the acting powers on the piston through the other parts or 
portions of the length of the stroke of the said piston.' 

In other words, the steani- valve remains open until some definite 
portion of the stroke of the piston has been completed, and is 
closed during the remainder of the stroke. 

In order to comprehend the effect produced we must refer to 
a law discovered by Robert Boyle in 1662, and subsequently veri- 
fied by Marriotte. It is known as Boyle*s or Marriotte's law, and 
is often termed iki^ first law of the expansion o£ gases. 

boyle's law. 

16. The law may be stated as follows: — The pressure oi a 
portion of gas at a constant temperature varies inversely as the 
space it occupies. 

In order to verify this statement roughly by experiment ¥rc 
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jcfcr to a simple apparatus consisting of two pieces of strong glas:* 
Ipbe A B, CD, each about \ inch internal diameter, and having their 
ends secured in a small metal box, f, provided with a stopcock. 
Ihe tube ab is open at the top, and is a little more than 35 inches 
b length, while the shorter leg is somewhat over 10 inches long. 
Hid is pro\'ided with a cap closed by a screw-plug. A board having 
t scale graduated to inches carries the tubes, the zero of the scale 
being a little above the box, and the graduation for 10 inches 
marking the bottom of the plug, so that the space from o to 10 is 
II definite measured length of the tube c d. 

The plug at d being unscrewed so that air can enter, a little 
mercury is poured in at b, and the cock f serves to withdraw any 
eicess and to bring the level of the mercury to the 
KID of the scale. Then d is closed and mercury^ 
b introduced slowly at b until the level in a b 
is 30 inches in excess of that in c d. Supposing 
the barometer to mark 30 inches at the time of 
tbe experiment, it will now be found that the level 
of the mercury in cd is 5 inches. That is, the 
air in c D is compressed into half its volume by a 
pressure of two atmospheres. In this way the law 
may be approximately verified ; and the important 
tiling to be noticed is that it does not hold unless the 
temperature of the enclosed air remains imchanged. 
This is an imperative condition. 

Note. — Since the pressure of a portion of gas at a 
constant temperature varies inversely as its volume, 
and since the density of the same portion also varies 
inversely as its volume, it follows that the pressure of 
a portion of gas varies directly as its density. 

It is stated by Mr. Maxwell that this law * is not <? J.-a|o 
perfectly fulfilled by any actual gas. It is very nearly 
fulfilled by those gases which we are not able to con- 
dense into liquids ; ' and moreover, that when a gas is ^^' '' 
about to pass by condensation into a liquid form 'the densit}" 
increases more rapidly than the pressure.' 

In the year 1829 MM. Dulong and Arago carried the experi- 
ment above described to an extreme degree, for the tube a b was 
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elongated until the pressure of the compressed ail reached «7 
atmospheres. These experimenters failed to detect any deviatiab 
from the law laid down by Boyle and Maniotte. 



BOYLES LAW REPRESENTED BV A CURVE. 

17. The application of Boyle's law to the expansive wodiag 
of steam will be made more clear if we deal with a substance, such . 
as air, having the same elastic properties, but which does not pass ■ 
rato hquid in the same manner. 

Suppose the case of a cylinder with a circular base, partlyfillcd 
with compressed air, and having 1 
~ piston capable of moving along it 

without friction. 

Take o;i:, oy at right angles to each 
otJier, and let o a; represent a line along 
which volumes are measured, called I 
UiK af valwnes, and oy a line along 
which pressures are measured, or i 
line of pressures. Starting with a vo- 
lume of air enclosed in the space EA, 
it is evident that the travel of the pis- 
ton represents the increase of volunw 
of the enclosed air. Also, if a r bt 
^'°' '*■ the pressure of the air in ea, the line 
B s will represent the pressure in e b, under the condition that 
B s vol. ea o A 

a"^ ~ vol. EB OB 

If a sufficient number of lines corresponding to bs be diawo 
the curve R S may be set out, and will present to the eye a series 
of changes of pressure and volume made in accordance with Boyle's 
law. But since the pressure of the enclosed air varies inversely 
as its volume, it follows that the product of the numbers lepte- 
senting its volume and pressure is a constant quantity. 

That is, if o A = J", a r = /. we have the equation 
pv = a. constant, 
as an analytical representation of Boyle's law. It is known that 
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le equation o a x a R=a constant, represents that particular curve 
illed an hyperbola, which may be a section of a right cone made 
f a plane i>aiallel to its axis, the cone being of such dimensions 
lat its asymptotes are at right angles to each other. Hence the 
urve R s is an hyperbola. In Chapter IV, the mode of repre- 
enting a curve by an equation is explained. 

The fundamental property of the curve of expansion, accord- 
Dg to Boyle's law, is, as we have stated, that the temperature re- 
DKins constant, and accordingly a name has been adopted for the 
airve which recalls at once to the mind this fact of uniformity of 
£mperature. It is common to speak of it as an isothermal curve. 
Fhe term is derived from two Greek words, and signifies a curve 
of equal temperature. 

DIAGRAM OF WORK DONE DURING EXPANSION. 

18. The geometrical method of treating the subject of tlie 
expansion of a gas possesses another advantage, viz., that the 
work done by the enclosed air in forcing the piston from a to b 
is represented by the area a r s b. 

Conceive tliat the air in the cylinder expands from a volume 
OA and pressure a r to another volume o b and pressure b s, and 
let it be required to represent the work done during this expan- 
sion by a diagram, the temperature of the air being supposed not 
to change diuing the expansion. (Hereafter we shall see that this 
will not happen unless heat is supplied artificially.) Take r, j", two 
points in the curve r s very near to each other, and draw rviy sn 
perpendicular to o x^ and suppose that the pressure of the air does 
not change sensibly during its expansion from volume c ;;/ to 
volume o n. 

Since the space moved through by the piston is directly pro- 
portional to the increase of volume, it follows that the rectangle 
f w, which is the product of the pressure r tn and the volume /// ;/, 
is also the product of the pressure r m and the space described 
by the piston in traversing in n \ that is, the rectangle s m represents 
work done by the air upon the piston in moving it through the 
space m n. And the same is true for each small element of the 
motion. But the limit of the sum of all such rectangles is the whole 

D 
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area a s s b j therefore a r s b represents thu work done by dx 
air upon the piston in expanding from volume O a to volume OB. ' 

THE DIAGRAM OF WORK. DONK DUKING EX['.\NS10N. WATT'S 

PATENT OF 1782 icentinved). 



19. The description of the invention of expansive worltiiig 
will now be readily understood. The drawing is copied from the 
specification of the patent, and presents "CckZ first puhlislted examfi 
of the diagram of tnergy as applied to a steam-engine. 

The cylinder is described as being perfectly closed in at tin 
upper and lower ends, the piston p being accurately fitted to "^ 
cylinder so that it can easily slide 
and down without suffering any ste 
to pass. The piston rod pasSR 
through an opening in the coveTj 
which is made air and steam tight bf 
a collar of oakum well greased, an^ 
contained in the box o. Near dit 
top of the cylinder there is a 
E to admit steam from a boiler, 
whole, cylinder is enclosed in a 
It, M, containing steam, and there are 
also cases n, n, containing steam U 
the two ends thereof. 

The available length of the cy- 
linder being subdivided into twentj' 
equal parts, numbered i, z . . . ao, 
steam at the atmospheric pressuR 
(say 14 lbs. on the square inch) is 
admitted freely, while the piston 
travels over five divisions, and is then 
shut off. Hence, at division 10 the 
pressure will have fallen to ^ x 14 11«. 
or 7 lbs. At division 15 it will be 
Jx 14 lbs., or 4| lbs,, and at divisitai 
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to it will be J X 14 lbs, or 3^ 11 
^Vatt here assumes Diat Boyle': 



law applies strictly to the 
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[Mnsion of steam. Further, the vertical divisions represent 
ttie travel of the piston, and the horizontal lines represent the 
pressure of the steam. The subdivisions of the steam pressure 
kie noted on the diagram exactly as Watt estimated them, but 
we omitted here for want of space. They are .— 
I I, I, I, I. I, -83, 711, -625, --iss, -500, -454, -417, -385, -357, 
f3J3, -3", -294, -277. "262, -250. 

I Then each of these numbers representing the steam pressures 
it the respective points i, i, 3 , . . ao, is supposed to remain 
tonsiant during the passage from one division to the next in order, 
tod is multiplied into the number i representing the space tra- 
iled over by the piston, and in that way a series of rectangles 
Be obtained, each of which is an area representing work done, 
the addition of all the rectangles would give an area a very httle 
6ss than that of the true diagram of work, that is, of the diagram 
Et out, one side of which is the curved line in the sketch. 

The sum of all the 20 numbers enumerated is 11-562, which, 
Svided by 20, gives -578, or approximately -57, as the mean 
lessure of the steam during the stroke. 

But tVtf '5 greater than \, and the conclusion follows in these 
rords : — ' Whereby it appears that only ^ of the steam necessary 
fill the whole cylinder is employed, and that the effect produced 
S equal to more than \ of the effect which would have been 
Iroduced by one whole cylinder full of steam, if it had been 
wrmitted to enter freely above the piston during the whole length 
if its descent.' 

By this explanation Watt showed conclusively that the direct 
esult of expansive working was to obtain an increased amount 
if work by the consumption of a given quantity of steam. 

But the principle cannot be carried to any e.xtrerae degree, 
bt the increase in the size of the cylinder, and the inequality in 
he pressure on the piston would soon present formidable difficul- 
ies. It will be necessary to recur to this subject after some 
preliminary enquiry into the principle of heat engines. Not only 
s expansive working a source of direct economy, but it is valuable 
ilso as a regulator, that is to say, it enables an engine to put forth 
irariable amounts of power without the necessity of a permanent 
ilteiation in the pressure of the boiler steam. 
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It is important to observe that in the drawing of the sp« 
lion the cylinder has a steam-jacket surrounding its ends as 
as its sides. The proposition in the original patent was that 
cylinder should be kept as hot as the steam which entered it, 
Watt was too good an engineer to enter upon a discussion as 
the behaviour of steam when admitted into the cylinder at a toll 
pressure of 14 lbs. per square inch, and at the same ti: 
the cylinder entirely unprotected from the cold of surroundiu 
bodies. The true value of the steam-jacket will be understoO 
after the next two chapters have been examined, but it may 
permitted to say that it is unfortunate that the teaching of I 
great master should have been so soon disregarded by those n 
came after him — for example, Tredgold, in his large worK oil 1 
steam-engine, enters into an elaborate attack upon the stea 
jacket, which he sums up as follows ; — ' I hope this will be bu 
dent to establish the truth, tliat the steam-case is a useless add 
tion to the expense of an engine,* This was before pracdcal 
had taken account of the conversion of heat into worL 
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20. In order to adapt the steam-engine for driving machine^ 
couch yet remains to be done. Sometliing must be knoivn of fll 
first principles of tlie conversion of motion before the probld 
can be fully grasped, and at present it may suffice to refer * 
a double-acting engine as set forth in the patent (No. 1321). " 

Watt says: — 'My second improvement upon steam or fire- j 
engines consists in employing the elastic power of the steam to 
force the piston upwards, and also to press it downwards alter 
nately, by making a vacuum above or below the piston respectively, 
and at the same time employing the sleam to act upon the piston 
in that end, or exerted upon the piston only in one direction, 
whether upwards or downwards.' 

The object here is to allow tlie steam to enter on one side oi 
tlie piston, while the other side is in free communication with the 
condenser. For this puq)Ose tliere are four valve chests, viz. al 
A, c, B, and F. In each chest there is a valve opening upwards, 
and between t!ie valves a and C diere is a passage leading to the 
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of the cylinder, while between b and f there is a passage 
Ing to the bottom of the cylinder. The steam-pipe k a d b 
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Fig. io. 



Dies steam to enter either the top or bottom of the cylmder, 
)iding as the valve a or the valve b is lifted from its seat. In 
manner by opening the valve c, the top of the cylinder is 
ly open to the condenser by means of the pipe c e f h ; and 
opening f the bottom of the cylinder also opens to the 
aust Thus, in the working of the engine a is opened for 
m and f for exhaust, whereupon the piston descends ; other- 
I B is opened for steam and c for exhaust, and the piston rises. 

hornblower's patent of 1 78 1. 

21. There can be no question as to the fact that Watt invented 
expansive working of steam, but, technically, he does not 
id first in the records of the Patent Office, for he was antid- 
jd by a patent of Homblower for a single-acting pumping 
ine which dates from the year 1781. 

The specification of this patent (No. 1,298) is a mere statement 
irhat is to be done, and rather publishes an idea than an in- 
tion. The patentee says : — 
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* I, I u^€ two vessels, in which the steam is to act, and whidf 
in other steam-engines are generally called cylinders. 

' 2. I employ the steam after it has acted in the first vessel, to 
operate a second time in the other, by permitting it to expand 
itself, which I do by connecting the vessels together, and fomiii^ 
proper channels and apertures, wliereby the steam shall occasion- 
ally go in and out of the said vessels. 

'3. I condense the steam by causing it to pass in contact wifli 
metalline surfaces while water is applied to the opposite side.' 

We can obtain no further information from the specification, 





1 


nJfl' 


Jt 



and the mode of carrying out the impro/ement is therdoK 
taken from other sources, the sketch given being a mere lecture . 
diagram. 

The engine is single-acting, and works with a separate con- 
denser, after the method invented by ^Vatt The valves a, C, ■ 
and E are open while B and D are closed, whereby steam from the 
boiler is entering the small cylinder H, and is also escaping from 
below the piston into the larger cylinder K, while steam froin 
below K is passing into the condenser. The result is that both 
pistons descend together. When they arrive at the end of their 
respective strokes the valves A, c, and e are closed while r!ie 
equilibrium valves b and d are opened, and the pressure of the 
steam is thus equalised on both surfaces of each piston, which is 
all that is required for performing the up stroke. 

H wJIJ be noticed that the cylinders are of unequal length, tiie 



Wati 's Invefition of the Indicator, 39 

son being that the piston rods are attached to the same work- 
; beam, and that the small, or high-pressure cylinder, is nearer 
the centre of motion of the beam. 



watt's invention of the indicator. 

22. In giving evidence before a parliamentary committee in 
;29, Mr. Farey mentioned that Watt had been the first to invent 
id apply to steam-engines an instrument called an indicator^ with 
e object of determining the amomit of plenum and vacuum 
rmed on either side of the piston of an engine during the work, 
id further that Watt himself had kept the invention in the com- 
lete and perfect form which was essential to its successful use 
profound secret for many years. Mr. Farey also said : — * An 
istrument fell into my hands in Russia, where it had been made by 
ome of the people sent out from England with Mr. Watt's steam- 
ingines. On my return to England I made one, and also showed 
ieveral other engineers how to make such for themselves, and since 
that time every one of those persons has very greatly improved 
his practice by the light it has enabled him to throw upon the 
operation of steam in an engine.* 

In an appendix by Mr. Watt to Dr. Robison's * Mechanical 
Philosophy,' it is stated that although a barometer serves very well 
for ascertaining the degree of exhaustion in the condenser of an 
engine, it is quite unsuited for testing the degree of pressure or 
exhaustion in the steam cylinder on account of the vibrations to 
which the mercury would be subjected by the rapid fluctuations 
vhich take place. Then Watt proceeds to describe his invention 
of an indicator, or instrument for observing the changes of pressure 
of the steam or vapour in the cylinder of an engine. 

A cylinder, about i inch in diameter and 6 inches long, ex- 
ceedingly truly bored, has a solid piston accurately fitted to it, so 
as to slide easily by the help of some oil ; the stem of the piston 
being guided in the direction of the axis of the cylinder, so that it 
may not be subject to jam or cause friction in any part of its 
motion. The bottom of this cylinder has a cock and small pipe 
joined to it, which, having a conical end, may be inserted in a hole 
drilled in the cylinder of the engine near one of its ends, so that 



■fO 



The Steam Engin 



by opening the cock a communication may be effected betweeaW 
inside of the eylinder and the indicator. Tliere is also a frame w 
a steel spring attached to it by one end, the other end I 
fastened to the piston. The cylinder is open to the atmospM 
the top, and the piston remains at rest when the steam pres 
equal to that of the atmosphere, but rises or falls as the \ 
becomes greater or less than the air pressure. The amount fl 
rise or fall ivill be determined by the strength of the spring, j 
must be tested, and a graduated scale together with an index ^ 
end of the piston serves for measuring pressures. 

The account here set forth appears to be all that Watt I 
public, and it leaves the instrument in an unfinished state, 
ever, the index at the end of the piston be replaced by a 
and a board carrying a sheet of paper be caused to move h 
fro underneath the pencil with a motion identical with that OJ 
piston of the engine but on a diminished scale, tlie 
motion of the pencil being vertical and that of the board b 
horizontal, it will be found that the pencil traces upon the paper"! 
a closed curve, which is Watt's diagram of work. 

The instrum,ent is shown in the drawing, which is copied from I 
a sketch of early date, and is not ' 

|ij i =^ very correct in proportion. It is 

jrcij^j "'': \ screwed into an opening made 

—11. - J L, ~JI — 1 1 JLI in the cylinder at one end, where- 

by the steam passes through the 
cock K into the lower end of the 
cylinder, and presses upwards 
against the piston p. The piston 
rod carries a pencil r which traces 
out the diagram on a board mo- 
ving to and fro borizontally in 
the frame a 11 c d. AVTicn the 
pressure of the steam balances 
that of the external atmosphere 
the piston is at rest, the spring 
being in its normal position and 
fiG. i2. exerting no force to resist either 

calmsion or compression. If, in this state of things, the slidii^ 
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board be moved to and fro, the pencil will trace the horizontal 
line E F, technically called the atmospheric line. Whereas, if the 
pressure of the steam (or uncondensed vapour below the piston) 
be either greater or less than that of the atmosphere the pencil 
will rise or fall, and the curve (which is a rough copy of the diagram 
of work) will be the result of combining the motion of the pencil 
with the to and fro movement of the board. The string passing 
upwards round the pulley on ad is attached to some moving 
part of the mechanism in such a manner that the motion of the 
board shall reproduce that of the main piston, but reduced until 
(he travel is limited to the breadth e f. A weight is fastened 
to a second string in order to produce the return movement of 
the board. 

Hereafter it will be explained that the curve traced out by the 
indicator pencil gives more than a mere measure of the actual per- 
formance of the engine, and that it enables us to clear up many 
obscure points connected with the construction and action of the 
working parts. 

THE PROPERTIES OF A VAPOUR. 

23. It is difficult, in writing a book of this kind, to treat every 
subject in a perfectly logical order. Strictly speaking we ought 
to begin with a complete series of definitions and experiments, 
and suppose nothing to be knowTi until it has been explained in 
due course. If this method were adopted the chapters might gain 
in methodical arrangement but they would be intolerably dull, and 
it seems preferable to assume a general acquaintance with things 
which every reader would know, and to enter upon a more 
complete examination at any particular otage where it would be 
useful. 

Recurring to the properties of the vapour of water, wo reuiark 
that water gives off vapour at all temperatures, whether in a liquid 
or frozen state, and that the vapour, being a gas, has that property 
of indefinite expansion which characterises gases. It follows that 
if a small quantity of vapour be formed in a closed vessel, however 
large, it will at once expand so as to fill the whole of it, and will 
exert a pressure against the enclosing surface. 
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There are two cases to be considered — 

1. When the vapour is in contact with the generating liquid. 

2. Wlien it is entirely separated therefrom. 

A simple experiment may be arranged for giving some insight 
into the behaviour of vapour when in contact with the gencratiog 

I. Take a barometer tube, say about 33 inches long, and 
closed at one end. Fill it with clean mercury, which maybe done 
by pouring in mercury nearly to the level of the open end, dosing 
the end with the finger and then passing the large bubble of air two 
or three times up and down the tube. This removes all the minate 
bubbles of air wiiich adhere to the glass, and mercury may be added 
up to about \ an inch from ihe open end ; then fill this empty space 
with bisulpliide of carbon (a very volatile hquid), and invert the 
tube in a deep well of clean mercury, as shown in the 
diagram. The bisulphide of carbon will rise to the top 
of the tube, vapour will form in the empty space ahove 
the mercury, and will, by its pressure, drive down the I 
column of mercury so as to shorten it considerably as 
compared with the column in an ordinary mercurial | 
barometer. We have accordingly a small layer of 
liquid lying on the top of the mercury and several 
inches of apparently empty space above the liquid. 

A singular result may now be exhibited. Depress 
the tube by the finger so as to sink it in the well, or 
cause it to rise higher, when it will be found that the 
height of the column a p remains absolutely constant. 
If me tube be raised quickly the liquid begins to boil, 
fresh vapoLir is formed instantly, and the pressure 
Pig. 13, is kept at a constant intensity. On the other hand, a 
portion of the vapour passes into the liquid state when the space 
which it fills is contracted, and nothing will alter permanently the 
lieight of tlie mercurial column except a jiermanent cliange in the 
lemperatiue of the liquid and of the tube. 

Another experiment is instructive, as illustrating the action of 
vapour in the condenser of an engine. A glass receiver, h, from 
4 to 5 inches in diameter, with a wide neck, has a cork fitted into 
it, through which three small lubes are passed. One tube, ABC 
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is A bent barometer tube about 36 inches long and dipping into a 

^Fessei of mercury at c. Another is a tube, fitted with a stopcock, 

and terminating in a small glass cap, d. The third tube, e f, is 

connected with an air-pump. 

On pumping out air from the receiver 

we have an illustration of the barometer 

gauge of a condenser. The pressure of ^ 

&e air in h is diminished in the same 

proportion as that in which the mercury 

rises in b c, and by comparison with an 

ordinary barometer the exact degree of 

exhaustion can be estimated. Thus, if 

the top of the scale was marked 30 inches 

and the mercury stood at 25 inches, it 
would be said that the pressure of the air 
m H was competent to support 5 inches of 
mercury. In common parlance that is 
called a vacuum of 5 inches, a phrase not 
very correctly adopted. Pour now some 
ether into d, and open the stopcock just 
eDough to allow the pressure of the ex- 
ternal air to force a little of the liquid into 
the receiver. In an instant vapour is 
fonned and the mercury drops through 
several inches. The vapour of ether may ^^^* ^4« 

be then pumped out, and the mercury will rise as before, but it 
may be again as suddenly depressed by the admission of a fi-esh 
supply of ether. 

The rapidity with which vapour forms in vaaio is strikingly 
sho^Ti by these experiments, the results of which are in strict 
accordance with the known laws which regulate the behaviour 
of a vapour when in contact with the generating liquid, viz. : — 

1. Vapour exerts pressure. 

2. Vapour forms with great rapidity in an empty space, though 
slowly in air. 

3. The pressure of a vapour rises as you exalt its tempemture 

4. The further formation of vapour is arrested by l\ve ^lessoi^ 

of the vapour already fonned. 
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^H 5. If the temperature be gi^'en, reduction of lolumq 

^H liquefaction, leaving the pressure unaltered. 

^H 6. If the volume be given, reduction of temperature^ 

^H liquefaction. 

^H 24. When a vapour is formed in a closed space, and is in ci 

^H> (ritli the generating liquid, it is said to be saturated. That 

^^ technical word for expressing its physical condition whei 
readj- to j'ield some portion of liquid on the smallest incre; 
pressure or reduction of temperature. Thus steam at 2 
exerts a pressure equal to that of the atmosphere, and is ■ 
ji7i'«rrt/rt/jto«, the condition being that it is taken direct 
the boiler without being separated at a lower temperatun 
heated up to 2 1 2° F. by subsequent treatment 

If it were so heated it would approach the condition 
permanent gas, and would be called superheated steam. Th 
extreme cases are those of a saturated vapour and a so-i 
permanent gas. The experiment gives an example of the foi 
thus the vapour of bisulphide of carbon becomes in part Hqi 
rather than support an additional pressure of one or two incl 
mercury. There is one gas which is ordinarily permanenl 
may be liquefied by pressure without difficulty, viz., carbonic 
and its properties have been investigated in a systematic m 
by Dr. Andrews, 
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35. The behaviour of a vapour whsn near the poi 
saturation may be studied by tlie aid of a diagram. Cor 
that a mass of vapour exi 
a volume n, and pressure 
its temperature being abovf 
at which condensation 1 
begin. Conceive also tli. 
temperature remains coi 
during any changes of vi 
and pressure through which 
about to pass. Accordit 
or contraction of the vapour, st 
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t possesses the properties of a gas, will be given by the curved 
; p R, Suppose, further, that when the pressure is increased to 
I liquefaction begins. At this point reduction of volume may 
on, but the pressure cannot be increased, and the way to express 
It fact geometrically is to carry the line p s in a direction parallel 
O X ; the vesult being that tlie ' isothermal ' is no longer curved 
roughout, but suddenly passes into a straight line at the point 
saturation. 

EXPERIMENTAL DETERMINATION OF VAPOUR PRESSURE. 

*6. Let us now examine the methods adopted for ascertaining 1 
c pressure of the vapour of water at different temperatures, both 
rove and below aia" F. 

The earliest accepted authority on this subject is Dalton, who 
iblisbed his results in the ' Memoirs ' of the Lit. and Phii Soc, 
[anchester, in iSoz (vol. v. page 551}. 

It appears, however, that Watt had obtained approximate 
(Kults as to the vapour pressure of water while working out his 
[iscovery, and that his mode of experimenting was substantially 
bat adopted by Daiton. 

The paper in the Manchester ' Memoirs' begins with some 
irefatory observations on the remarkable increase observed in 
he elastic force of a vapour when heat is applied directly to the 
;enerating liquid : — 

' By increasing the temperature of any gas a proportionate 
mcrease of elasticity ensues ; but when the temperature of a liquid 
is increased the force of vapour from it is increased with amazing 
rapidit)', the increments of elasticity forming a kind of geometrical 
progression to the aritlimetical increments of heat Thus the 
mio of the elastic force of atmospheric air at 32° to iliaC at aia" 
B nearly 5 to 7, but the r.uio of the force of aqueous vapoui 
proceeding from water of 32° and 212° is as 1 to 150 nearly.' 

This striking fact being pointed out, Dalton goes on to 
describe his experiments, and states that he introduced a very 
Hule water into the inside of a Imromcter filled with mercuiy, 
leaving a layer of ^ or -^^ inch of water upon the top of the 
Sttrcurial columtL The upper parr of the tube was dicn enclosed 
'ill a larger glass lube, 3 inches in diameter and 14 inches long, by 
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means of two perforated corks wliicli formed the top and bottt 
of a water chamber or liot bath enveloping the whole of the u^ 
portion of the barometer tube, and wherein the watsr 1 
maintained at a fixed temperalnre by means of a lamp, 
vapour enclosed in the top of the barometer as well as { 
generating layer of liquid tlius became heated at a constant 6 
peratiire, and the depression of the column of mercury : 
pared with the column in a standard barometer showed ] 
amount of pressure exerted by the saturated vapour. 

In this way Dalton had 'water as high as 155° F.' 
ing the vapour tube. For higher temperatures up to 21a'' F. he ^ 
modified the apparatus, and employed a tin tube 4 inches in 
diameter as a casing for the batli ; also the observation was mai 
with a siphon barometer having two parallel legs, whereof one was 
enclosed in the bath, and the reading of the mercury in the leg 
outside the tin tube gave the required depression of the column as 
due to the pressure of the vapour. 

27. Dr. W. A. Miller gives the following table of the pressures 
of the vapours of several liquids estimated in inches of mercury. 
Thus it appears tliat at 50° F. the vapour of bisulphide of carbon 
will depress the mercurial column through 7"846 inches, a iaci 
which is apparent when trying the experiment described in Art. 23. 
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We have seen that the condenser of a steam-engine has for 
its object the complete discharge of all steam from the working 
cylinder after it has done its work in propelling the piston. The 
degree of completeness with which this is effected will depend 
entirely on the temperature of the water after condensation, and 
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mt table of pressures of the vapour of water shows at a glance 
what may be done. If ice at 32® F. were converted by the waste 
steam into water at 32® F. the pressure of the vapour left in the 
qrlinder would fall to i inch of mercury. The temperature 6f 
tilt condensing water is, however, commonly no** F., giving off 
vapour capable of supporting a pressure of 2^ inches of mercury. 
If a smaller quantity of condensing water be used it will be raised 
to a proportionately higher temperature, and a less perfect con- 
densation will be effected. At 2 12** F. the object of the condenser 
would be entirely frustrated. 



THE TEMPERATURE OF HIGH PRESSURE STEAM RISES WITH 

ITS PRESSURE. 

28. It is well known that when water is confined in a closed 
vessel and heated, the pressure of the vapour formed therein con- 
tinually increases. The precise temperature of the vapour which 
conesponds with any assigned pressure has been a subject of care- 
ful enquiry, and an apparatus called a Marcefs boiler has been 
designed for exhibiting the relation to a class. It is 
in a form which forbids any exact determination, but 
the student may contrast it with the arrangement 
employed by Regnault, and described in Art 29. 

The apparatus consists of a small boiler, provided 
with a thermometer and a mercurial pressure gauge. 
The drawing shows the boiler containing a small 
quantity of mercury covered by a layer of water rest- 
ing upon it The mercury is intended for filling the 
pressure gauge, which is a piece of barometer tube, 
c D, open at both ends, and passing down nearly to 
the bottom of the boiler, ef is a thermometer 
about 20 inches in length, whose graduations begin 
at 130 and go on to 250. A large thermometer is 
chosen, in order that its graduations may be seen at 
a distance, h is a pipe provided with a stopcock. 

On applying heat to the boiler by a Bimsen burner or a 
spirit lamp the temperature soon rises above 212° F., and some 
mercury will ascend the tube, by reason that the pressure of the 
enclosed vapour becomes greater than that of the external air 




Fig. 16. 
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The height of tlie column of mercury denotes the pre: 
the vapour, and the corresponding temperature given by t 
thermometer may be observed j thus at 230° F. we should £ 
tlie colurtui at a height of about i z\ ins., and so on. The effed 
opening the stopcock siiould be noticed ; for, with a little c 
is easy 10 keep a small jet of steam blowing off without any fall.a^ 
temperature or pressure, just as in the case of the boiler of w 
working engine, whereas, if the stopcock be fully and suddenly I 
opened, the pressure and temperature drop at once, and the n 
cury in the thermometer very quickly falls to 212° F. 

regnault's expeb 



29, The tnetliods above described have been improved upon 
by Regnaull, who has published a complete series of observations 
of the pressure of the vapour of water, ranging 
from —32" C, as far as 230° C. 

For temperatures below 0° C. a special ap- 
paratus is required, a description of which is 
beyond the scope of this book, while for tem- 
peratures ranging from 0° C. to 50° C. the 
apparatus shown in fig. 17, which closely re- 
sembles that of Dalton, has sufficed. 

Two barometer tubes, corresponding to 

J-|l|ia those of Dalton, stand side by side in the 

1 .. same vessel of mercury. The tube a is a 

common barometer, and the tube u is also a 
17' kiroraeter, but witli a small layer of water 

resting on the top of the mercury. The upper portions of both 
tubes are enclosed in a metal cylindrical vessel, filled mth water, 
and provided witli a glass window. The water in this vessel 
is heated by a lamp, and is agitated so as to keep the tempera- 
ture uniform throughout, while the depression of the mercury ins 
is noted by comparison with the column in a, the difference in 
altitude of the two columns givrag the amount of vapour pressure 
at the temperature of the observation. 

For teniiferatures above 50° C, an apparatus has been con- 
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tRred involving a special principle. The idea carried out has 
been to subject the water to die pressure of an artificial atmo- 
qhere capable of being regulated and measured with extreme 
ncety. The mercurial gauge no longer dips into the boiler, but a 
Mpaiate receiver connected with a pump is employed for produc- 
ing an artificial pressure on the surfece of the heated water. 




Fig. i8. 

1. There is a boiler, a, placed over a furnace, and fitted with 
four thermometers for ascertaining the temperature. 

2. A condensing tube, b, is inclined upwards at an angle, and 
is surrounded by an env€fV)pe of cold water. Any steam issuing 
from the boiler would conaense in this tube and drain back again. 

3. A globular reservoir of air, c, is enclosed in a vessel of cold 
water, and is maintained at a constant pressure, either greater or 
less than that of the external air, by means of a compressing or 
exhausting pump. This reservoir has a free passage through b 
into the boiler, and forms the atmosphere under the pressure of 
which the vapour is generated. 

4. A measuring instrument of special construction is used for 
determining the pressure of the air in c, and is capable of being 
read to a pressure oi twenty-seven atmospheres. In the diamiv^^k 

mercuriaJ siphon gauge serves to exhihitih^VidXm^ of the irveasv^^ 
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ment, which is the same in principle to whatever extent it may bie 
carried. 

By this apparatus Regnault was enabled to measure accurately 
the temperature of the vapour, and at the same time to preserve a 
nearly constant artificial pressure upon the surface of the water in 
the boiler. 

Note, — Hitherto the term 'pressure' has been used in its 
ordinary sense, but the word has a technical meaning, and is used 
to denote the pressure in pounds on a square inch of surface. 
When we say that the pressure of steam in a boiler is thirty 
pounds, we mean that the pressure of the enclosed gas on each 
square inch of the surface of the shell is thirty pounds. 

We append a few results of the pressures of tlie vapour d 
water estimated in inches of mercury at the sea level at different 
temperatures on Fahrenheit's scale, the place of observation being 
in latitude 53° 21'. Our authority is Mr. Balfour Stewart, and tbe 
numbers are, no doubt, of a high degree of accuracy : — 
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CHAPTER II. 

HEAT IS NOT A MATERIAL SUBSTANCE. 

30. We pass on to describe two principal attacks made upon 
Ac theory that heat is a material substance, and shall give some 
details of Joule's experiment for determining the numerical 
measure of work done by the expenditure of heat 

The sketch will be very brief, inasmuch as the subject matter 
is only introductory to the purpose of this volume. 

It is worthy of notice that the conception that heat was in some 
way caused by motion had been entertained before the time of 
Black, as to which it is customary to quote the following passage 
from Locke's writings, where it is stated : — ' Heat is a very brisk 
agitation of the insensible parts of the object, which produces in 
us that sensation from whence we denominate the object hot ; so 
what in our sensation is heat, in the object is nothing but motion.' 
This idea did not find favour with Black, who argued against the 
possibility of accounting for the phenomena of latent heat on any 
such hypothesis (' Lectures,' p. 125), in the following terms : *Some 
persons may perhaps imagine that the heat which thus disappears 
does not truly enter into the melting ice or become combined with 
that into which it is changed. This heat is perhaps entirely ex- 
tinguished and destroyed. As heat has been supposed by some 
to consist in a rapid tremor or motion of the particles of bodies, or 
of some subtle matter that is intermixed with them, tliose who 
choose to adopt this opinion may imagine that motion may meet 
with friction and resistance in the ice, and that a part of it may be 
thus destroyed or the moving parts brought to rest.' Then he 
combats the idea thus set up by showing experimentally that ' while 
water is congealing k is constantly imparting heat to t\ie aVc mXi^- 
^ut becomias' cooler Itself/ and he considers that tViisYveal tciM^sX 
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have been previously absorbed or concealed 

last occasion of its becoming liquefied by the melting of ice. 

The mistake here made consisted in adopting a belief that 
motion of heat could be destroyed. At the time of Newtoa ft 
■was supposed tliat the motion arrested by fricton was absolutely 
lost and put out of existence. Any such idea is now entirely 
abandoned, and Black's reasoning has no application. 

By way of contrast to the erroneous statement thus laid doif%.' 
it may be useful to lead up concisely to the modem views entoi- ; 
(ained as to the nature of heat. 

COUNT RUMFORIJ'S EXPERIMENT ON T 



31. A first overwhelming blow to the doctrine of caloric was 
^iven by Count Rumford's experiment of causing water to biMl 
by the agency of meclianical force, and the following details are 
extracted from a paper read before the Royal Society in 1798. 

In casting guns it is usual to leave a cylindrical head of metil 
at the muzzle eiid so as to ensure soundness of stuicture, the 
mould being placed in a vertical position « ith the muzzle end 
'i[]wards. 
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The drawing shows the end of a six-poimder brass gun, 
having a cylindrical neck of solid metal, a, 2 'a inches in diameter, 
and 3'8 inches in length. Beyond the neck the waste portion of 
metal form ng the head for the casting was shaped into a cylinda 
c, 7'i5 inches in diameter and 9-8 inches in length, havii^ a 
cylindrical cavity bored out for the reception of a hard steel bluitf 
hater. The borer was made from a plate of steel 35 inches wide " 
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and "63 inch thick ; it is marked d in ilie figures, being shown 
both when turned edgeways and also wlien presenting its flat side. 
'The cavity of the cylinder is given in section, with the borer in 
situ, tlie piece marked e being a rectangular iron bar terminated in 
a cyhndrical phig and holding the borer d, 

Tlie borer was firmly held at rest and was pressed against the 
base of the cavity by means of a screw, the estimated pressure 
b^ng 10,000 lbs. The g;m ilsell was rotated by horses, the 
ntroiber of revolutions being 32 per minute. 

The cylinder was enclosed within a deal box shown in section 
in the diagram. The box was ii'5 inches long, 94 inches wide, 
9-6 inches deep, and it contained i8-77 lbs. of water. The square 
bar E, and the cylindrical stem a passed through packed water- 
tight openings in the sides of the box. The temperature of the 
water at the commencement of the experiment was 60° F. 

The rotation of the gim under a pressure of 10,000 lbs. caused 
a considerable evolution of heat, traceable to the friction of the 
robbing surfaces, and the heat so generated was but slowly con- 
ducted away by the comparatively slender neck of the cylinder. 
Tbt result was that the temperature of the water rose as the trial 
went on, and at the end of one hour a thermometer placed in the 
water marked 107° F. At the end of the next half-hour the 
temperature had risen to 142° F., then in another half-hour to 
l^Z' ¥., and, (inally, at the end of two and a half hours, the water 
boiled. In describing ihis result, Rumford breaks out into an 
enthusiastic recital of die effect upon those who witnessed it, and 
exdaims : ' it would be difficult to describe the surprise and 
hnieot expressed in the countenances of the bystanders on 
50 large a quantity of water heated and actually made to 
Euiy fire.* He goes on to say : — 
By meditating on the results of these experiments, we are 
naturally brought to that great question which has so often been the 
!Ubje%:t of speculation, namely, What is heat? Is there any such 
pieousjliiid ? Is there anything that, with propriety, 
called caloric ? ' 
conclusion which he draws is full of sound philosophy, and 
:ement which the student should examine carefully and 
his mind through the enquiries here presented ■.— ■ 
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' In reasoning on this subject we must not forget to consider thsf 
[he source of heat generated by friction in these experiments v^ 
peared e\'idenlly to be inexhaustible. 

' It is hardly necessary to add that anything which an insulated 
body or system of bodies can continue to furnish without !imita> 
tion cannot possibly be a material substance ; and it appears to me 
to be extremely difficult, if not impossible, to fonn any distinct 
idea of anything capable of being excited and communicated in 
the manner heat was excited and communicated in these experi- 
ments except it be motion.' 

daw's experiment on the melting of ice by friction. 

32. On the recommendation of Count Rumford, Davy waS 
appointed to a lecturership at the Royal Institution in iSoz. Hi» 
experiment in refutation of the doctrine of caloric is regarded 
as conclusive. 

In an atmosphere at a temperature of zg" R he rubbed to- 
gether two small slabs of ice, each 6 inches long, z inches wide, 
and f inch thick. The slabs were attached by wires to iron baiSi 
and the friction was continued for several minutes. 

The result was that the ice melted at the surfaces of contact, 
producing water at a temperature of 33° F. 

Now a mass of water is known to contain an absolute quantity 
of heat far greater than that contained in an equal mass of ice, and 
it is therefore impossible to account for the presence of this heat 
on the assumption that heat is a material substance. 

Davy's conclusion is a wonderful example of clear insight inlo 
the nature of heat, and we shall adopt it as the guiding statement 
in considering the working of heat engines. It is expressed in the 
following sentence:— 

' ITie immediate cause of the phenomenon of heat is motion, 
and the laws of ils communication are precisely the same as the 
laws of the communication of motion.' 

Jt follows that the three laws of motion laid down by Newton, 
together with the principles applicable to the measurement of the 
action of force, should be studied most diligently by anyone who 
desires to understand the theory of heat. 
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a\T IS PRODUCED BY THE AGITATION OF THE MOLECULES 

OF BODIES. 

33. After the experiments of Rumford and Davy, the belief that 
It was a material substance necessarily languished and died 
ay, and the time has now come for stating more precisely the 
xiem theory according to which the particles of all bodies by 
lich we are surrounded are to be regarded as in a state of rapid 
id never ceasing agitation. 
In order to present to the mind a * sense- image ' of the nature 
heat, we begin by regarding all bodies as made up of assemblages 
parts called molecules. A molecule may be of a complex character, 
)nsisting of distinct portions of matter held together by chemical 
)nds (as in the case of water, where a molecule is made up of 
:parate parts of oxygen and hydrogen), and whatever may occur 
. the disposition of these separate parts or portions of matter, as 
\ which we say nothing, it is agreed to call each whole collected 
lass a molecule, so long as its different portions do not break up 
id part company. 

Heat is produced by the agitation or motion of the molecules 
f bodies. But the motion of heat is too minute to be recognised 
I any way by the senses, and cannot be detected by direct obser- 
ation. It is evident, therefore, that very cogent evidence ought 
3 be adduced before the new proposition is accepted. The 
octrine of caloric may be untenable, and may have been de- 
aolished by experiment, but the student should nevertheless 
listinctly set before himself the question — How is a theory to be 
stablished which appeals for its support entirely to facts of ob- 
ervation, and which yet starts with the assumption that the thing 
be made manifest to the mental vision exists in a region where 
10 direct observation has ever yet penetrated ? 

Without doubt there is an enormous difference between the 
irork of demolition and tlie work of construction. The former is 
:omparatively easy, but the latter can only be arrived at by a slow 
md tedious process. Two decisive experiments abolished at once 
ind for ever the theory supported by Black, but not one, nor two, 
lor one hundred isolated experiments can be appealed to as con- 
dusively establishing Dav/s proposition, and it is only by passing 
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over the whole domain of physical research that we meet wWi 
an aggregate of facts reconcilable with the one theory and irrecoa- 
::ilable with any other, and thus gradually yield to a ronvicticHi 
which it becomes impossible to resist. 

Mr. Maxwell tells us ('Theory of Heat,' p. 306}: 'The mole- 
cules of all bodies are in a state of continual agitation. The hotta 
a body is, the more violently are its molecules agitated. In solid 
bodies a molecule, thougli in continual motion, never gets beyon^ 
a certain very small distance from its original position in the bodj, 
The path which it describes is confined within a very small region 
of space. 

' In fluids, on the other hand, there is no restriction to the ex- 
cursions of a molecule. Hence in fluids the path of a molecule is 
not confined within a limited region, as in the case of solids, but 
may penetrate to any part of the space occupied by the fluid. 

' A gaseous body is supposed to consist of a great number of 
molecules moving with a great velocity. 

' The actual phenomena of diffusion both in liquids and ia 
gases furnish the strongest evidence that these bodies consist rf 
molecules in a state of continual agitation.' 



THE COXVERSION OF WORK INTO HEAT. 

34. In the year 1S43 Mr. Joule made the following observatiou^- 
' When we consider heat, not as a substance, but as a state o/vibra- 
lion, there appears to be no reason why it should not be induced 
by an action of a simple mechanical character, such, for instaocCi 
as is presented by the revolution of a coil of wire before the poles 
of a pennanent magnet.' Some striking experiments followed 
upon this suggestion, and it was shown that heat was actually in- 
duced in the manner anticipated. It is, however, not within the 
Ticope of this book to describe more than one illustration which 
has grown out of that originally suggested by Mr, Joule, and which 
powerfully confinns the belief that heat is caused by vibration. 

In order to perform the experiment which we are about to 
describe, it is necessarj- to be provided with a very powerful electro- 
magnet and a whirling table, the arrangement being to bring Qie 
axis of the whirling tabk between the poles of the magnet and. to 
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flMate al a high speed a small copper tiibe containing an alloy of 
iKtal which fuses at a low temperature. Afler three or four minutes 
SfTotation the alloy melts, and may be poured as a liquid out of 
tiie tube. 

The question then arises, what agency has been at work to fuse 
dtemetaL The heat is not traceable to direct friction, for the tube 
rotates in the empty space between the poles of the magnet and 
does not rub against anything. The effect must be in some way 
doe to magnetism, for it is found that unless a battery current is 
lent through the coil of the magnet the rotation of the tube may 
go on as rapidly and as long as we please without producing any 
effect whatever. The tube remains perfectly cool, and there is no 
appearance of any heating action. 

The connection between heat and work becomes apparent 
npon testing the increased exertion necessary for rotating the spindle 
of the whirling table while the metal is being heated. Before the 
magnetism is set up, a certain amount of effort is necessary in 
order to overcome the friction and inertia of the moving parts 
and to keep up the rotation. But the moment the magnetism is 
called forth, an increased resistance is felt, and a greater effort must 
he made in order to sustain the speed of the whirling tube. The 
additional work so demanded is passed in the form of heat into 
the tube. The conversion of work into heat is direct and pal- 
pable, but the precise nature of the molecular changes presents 
great difficulties. It will suffice here to point out that the experi- 
ment is based on an observed fact, viz., that when a flat blade or 
strip of copper is passed between the poles of an excited electro- 
magnet a resistance is felt, and if the blade be moved to and fro 
the sensation experienced is not that of moving through free air 
but rather of cutting through some viscous substance which clings 
upon the knife. It appears that the magnetism sets up an electric 
current in the strip of copper when its opposite ends are brought 
into contact, as they would be if the strip were bent round into a 
tube, and that new sets of particles come into action during the 
rotarion. The resistance felt is exactly like that due to friction, 
but it is here not traceable to the rubbing of any material sub- 
stances but rather to the indisposition of the metal to receive new 
currents of electricity induced by magnetic action and involving 
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sets of particles in whicli a new molecular motion is contim 
being set up, the disturbance caused thereby coming out as 
and the work done being the increased effort made by the 
the operator. The effect has been called by Dr. Tyiidall 'Mctio* 
against space.' 

joule's determination of the mechanical equivalent 

I OF HEAT. 

35. In apaperread before tJie Royal Society in 1849, Mr. Joule 
[ Jtated : — ' From the explanation given by Count Rumford of the 

heat arising from the friction of solids, one might have anticipated 
as a matter of course that the evolution of heat would also be 
detected in the friction of liquid and gaseous bodies. Moreover 
there are many facts, such as, for instance, the warmth of the seu 
after a few days of stormy weather, whicli had long been commonlj 
attributed to fluid friction. The first mention, so far as I am 
I aware, of experiments in which tlie evolution of heat from fluid 

friction is asserted was in 1842 by M. Mayer, who states that he 
lias raised the temperature of water from i2''C.to 13° C. by agitating 
it, without, however, indicating the quantity of force employed 
I the precautions taken to secure a correct result' And he fuithci 

said that he considered it of tlie highest importance to obtain the 
relation between force and heat with accuracy, and proceeded tfti 
describe the apparatus employed for that purpose as well as die I 
mode of using it. 

The apparatus employed for producing tlie friction of water' 
consisted of a brass paddle-wheel furnished with eight sets of arms 
working between four sets of stationary screens attached to the in- 
side of a copper cylinder, 7^ inches ui diameler and 8 inches deep. 
A facsimile model of the paddle and cylinder is deposited at Sotiih 
Kensington. The cylinder was covered by a lid having two necks 
, a and b, the latter for the insertion of a thermometer, and the 

I former being an opening for the axis of the paddle to revolve in 
\ without contact. 

1 The general arrangement will be a])parent from the sketch. 

I The weights which rotated the paddle were each 29 lbs. (more ao- 
I curaicly, 303,066 grains and 203,086 grains), and they fell through 
■ fij inches ai a rale of about 2 '43 inches per second. Each weight 
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iras attached by pieces of thin twine to a wooden roller a b, a inches 
in diameter, as shown, the roller being supported by steel axles \ 
mch in diameter, and running upon friction wheels. A wooden 
pulley, E, 1 3 inches in diameter and a inches' thick, was also carried _ 
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by the roller and was connected by a string to the small roller/ 
on the axis of the paddle. The roller/ could be fixed to the 
paddle axis by a pin^, or be disconnected at pleasure. While the 
friction was going on the paddle and roller revolved together, but 
fcey were disconnected by taking out the pin / as soon as the 
readied the ground, the roller being then supported in a 
frame while the weights were wound up ready for 
descent, 
le manner in which the fricrioa of the 
was set up will be apparent from fig. ar, 
sectional elevation of the cylinder 
'paddle. The dark crossbars, two of which 
have square ends, are the paddles, and there is 
only just room for them to pass between cor- 
mding openings in the fixed plate c d. A 

plate, similar to cd, stands at right ^ 

to it, and there are in all eight sets of 
whereby the drag upon the motion becomes very coii- 
The plate c d is 7^ inches wide and 7 inches dee^* I 
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The laboratory was a spacious cellar, the temperature of whick 
preserved a remarkable uniformity. The copper cylinder rested 04 
a wooden stool, or rather grating, supported at some distance froi* 
the ground, and there was a wooden screen to protect the cylinder 
against any radiation of heat from the person of the operator. 

Each experiment lasted 35 minutes, during which time the 
weights were allowed to fall twenty times in succession. 

Two thermometers of extreme delicacy were employed, one, Ji, 
for reading the temperature of the water in the cylinder, and the 
other, B, for reading that of the ait in the rooiu. The space of 
1° F. was subdivided into i2'95i divisions in thermometer a, and 
into 9'839 divisions in thermometer b, whereby Mr. Joule con- 
sidered that he could estimate the temperatures to Iwo-hundredtHs 
of a degree. 

There were two classes of observations, viz. : (i) a fricdonal 
observation, wherein the total fall of the weights was recorded, as 
well as the temperatures of the water in the cylinder before the 
rotation of the paddle began and after it had ended. Thermo- 
meter B was also read at the beginning and end of the trial. {i\ 
There was a so-called radiation experiment, intended to fiimish an 
estimate of the probable passage of heat to or from the apparatus 
during the time of the frictional experiment. The nature of the 
observation is well given by Mr. Joule, who says : — ' Previously 
to and immediately after, eacli of die experiments, I made a trial 
of the effect of radiation and conduction of heat to or from the 
atmosphere, in depressing or raising tjie temperature of the fric- 
tional apparatus. In these trials the position of the apparatus, the 
quantity of water contained in it, the lime occupied, the method 
of observing the thermometers, the position of tlie experimenter ; 
in short, everything with the exception of the apparatus being at 
rest, was tlie same as in the experiments in wliicli the effect of 
friction was observed.' 

Taking the fourth experiment as an example of what was done 
we find a tabulated result which is perfectiy intelligible. The total 
fall in inches is recorded, and the word friction refers to the time 
when the paddle was in action, wliile the word radiation refers to 
the observations made in the next thirty-five minutes by startingaJ 
the temperature in the top line of column 6. 
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From a companson of forty trials Mr. Joule deduced the 
umciical measure of the work done as being 6,067-1 i4foot-pounds, 
□d inferred that the total rise of temperature in the water and 
Dpper was equivalent to a rise of -553209 F. in g7,470'2 grains of. 
er, or to 1° F. in 7-843299 !bs. of 
6,o67'ii4 _ 
7-842199 
Hence he deduced the niechanical equivalent of heat, as shown 
ly the friction of water, viz:. 773-64 foot-pounds in air, or Tja-Sqt 
bot-pounds if the experiment had been conducted in a space freed 
ioia atmospheric air. 

lere were other experiments on the friction of mercury 
cast iron, giving remarkable approximations to the above result, 
llnd Mr. Joule's paper ends with the following observations 
J I. 'The quantity of heat produced by the friction of bodies, 
jwhether solid or liquid, is always proportional to the quantity of 
jferce expended, 

' 3. ' Tiie quantity of heat capable of increasing the temperature 
■of I lb. of water (weighed in viuuo, and taken at between 55° F. 
(and 60° F) by 1° F. requires for its evolution the expenditure of a 
;Biechan!cal force represented by the fall of 772 lbs. through th«: 
space of one foot.' 

THE KINETIC THEORY OF C 

36. Here it may be convenient to refer to the kinetic theory' 
iof gases, viz., the theory tliat a gas consists of a numbei of 
ij' molecules, Hying in straight lines, and impinging like little pi 
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jectiles not only on one ano I e but also on the sides of tlie vm( 
liolding the gas. It is veil known that a quantity of gas, howev 
small, mil expand and fill 1 e hole of a vessel, Jiowever laig) 
.ind further that it will ejiert son e p essure upon its sides. 

Also, gases of every kind will diffuse into each other — a strikil 
fact wliich may be illustrated by the following experiment. F 
two glass vessels, one with chlorine gas and the othei with hydrogi 
gas, and connect them by a glass tube so that the hydrogen 
uppermost. Chlorine gas is thirty-six times as heavy as hydroge 
yet in a few hours the gases will have diffused dirough both vesse 
which will be filled with equal parts of chlorine and hydrogen. 

The expansion and diffusion of gases are accounted for at on 
by die kinetic theory, and so is the law of Boyle, as well as 
second fundamental law presently to be examined, and known 
the second law of gaseous expansion. According to this theo 
the molecules should be pictured to the mind as endued wi 
velocities somewhat greater than that of a rifle bullet, and Uierel 
competent to rush iato and fill an empty space with great rapidil 

Also, by continually rebounding from the sides of the vessel ai 
from each other they keep up an incessant cannonade, and tt 
aggregate of these minute blows is felt as a sensible pressure ( 
the surface subjected to them. A bladder partly filled mlh i 
looks slirivelled, but when held before a fire it becomes hard ai 
tense. The heat of the fire has given increased velocity to tl 
molecules, and has enabled them to do more work. They di 
charge themselves with greater impetus against the inner sur& 
of the bladder and overpower the bombardment from withoi 
Presently their power becomes weakened by the increase of tl 
area to be supported, and the bladder ceases to enlarge. As tl 
air cools down the motion partially dies away and the bladd 
shrinks back to its original dimensions. It ts thought that tl 
velocity of a molecule of hydrogen at 32° F,, and at the atm 
Bpheric pressure, is 6,097 feet per second. We have to take tl 
theory with us to the consideration of the loss of heat experienci 
by a gas when doing work, and there can be no question that 
enables the mind to grasp the fact with clearness. Add to whic 
that a general statement of the ideas now prevmling among 
certain writers is, at any rate, serviceable to the student 
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i SECOND LAW OF THE EXPANSION OF GASES: CHARLES'S, OP. 

GAY LUSSAC'S LAW. 

37. The expansion of gases under the action of heat is now 
I be discussed. Whatever view may be adopted to account for 
^us pressure, the fact of its dependence on temperature is 
OTOughly established, and such an illustration as that of the 
rivelled bladder when partially filled with air becoming tense 
ler the action of heat, is to be connected with a particular law 
lown as the second law of the expansion of gases, and which 
m discovered by Charles, a professor of physics in Paris, some 
jurteen years before it was made public. It was published by 
)alton in England in 1801, and by Gay Lussac in Paris in 1802, 
id is often called Gay Lussads law. 
The method of experimenting adopted by Gay Lussac will be 
iinderstood from the annexed diagram. 




Fig. 22. 

A certain volume of air, freed from moisture by passing it 
through chloride of calcium, was introduced into a thermometer 
tube having an enlarged bulb. A drop of mercury served both as 
an index and a valve, marking the expansion and separating the 
air \vithin the tube from the external atmosphere. This air ther- 
mometer A B was then introduced into an iron vessel containing 
i^ater and placed over a source of heat. The liquid was agitated, 
md two thermometers, c and d, marked the temperature. The 
irop of mercury p indicated by its position the volume of the 
enclosed air, both when the experiment began and when it termi- 
nated, the tube b a being drawn out through a water-tight collar and 
pushed in when necessary, so as to keep the mercurial index just 
Mitside the vessel. 

The conclusions arrived at were the following : — 
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[. All gases expand at one uniform rale as the temperatnitf 
increases. 

a. The expansion of air between 32° F. and 212° F, is '^yj 
its volume at 32° F. 

3, The law of expansion is the same at all pressures, whethef 
great or small. 

The number expressing the amount of expansion, viz., "375 
has been modified by subsequent observers, and Regnault ai 
the fraction '3655 in place of '375. 

38. It is bebeved that GayLussac'sniethodfailed in two parti- 
culars; that is to say, (i) the mercurial index allowed a minute 
quantity of air to pass by it, (2) the air enclosed in the tube wa« 
not sufficiently freed from the vapour of water. 

It appears, as the result of observations of extreme delicacy* 
that the laws of gaseous expansion are not absolutely verified, and 
hence a distinction is drawn between perfect and imperfect | 
Rankine defines 3. perfect gas as a substance in which the tenden^ 
of any small portion to expand and diffuse itself through a giv< 
space is a property independent of the presence of other gas 
ivithin the same space. He further states that every gas apprOJ 
mates more closely to the condition of a perfect gas the more 
highly it is heated and rarefied, and he admits that air is sufficiendy . 
near to the condition of a perfect gas for thermometric purposes. ' 

Another mode of defining a perfect gas is the following : — 

Def. — A perfect gas is one which satisfies the conditiwi 
that the addition of equal quantities of heat shall cause equal 
accessions of pressure when the volume remains constant, or shall 
cause equal additions of volume when the pressure remabs un- 
changed. 

The student will readily infer that all vapours, when separated 
from the generating liquid and higiily heated, approach to the 
qualities of a perfect gas ; whereas, when the vapour is near the 
point of condensation, it differs therefrom in a marked degree. 

THE AIR THERMOMETER. 

39. An air thermometer may be any vessel containing air, and 
the principle of the instrument is well exhibited by means of a 
bent thermometer tube, such as n p a. Some air is enclosed in 
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,lMLlb A and is separated from the air outside by a drop of mer- 
_y p, which acts as an index, and 

iprevented from falling out by the ' ^ p rf =i y 

ends in ihe tube. The touch of ^~'^ 

he finger on the bulb a will cause a ^"'- ^^' 

udden and rapid movement of the index, due to the expaasion of 
air in the bulb. 

For scientific researches an air thermometer may be a small 
Jobe with a tubular mouthpiece drawn out to a convenient 
The weight of the air 111 tlie globe is carefully ascertained 
the first instance. At the close of the experiment tire tubular 
id is sealed by the flame of a blowpipe, and a comparison is 
ade between the weights of air enclosed in the vessel under the 
'O conditions. 
Instead of air Regnault has usetl the vapour of mercury foi' 
estiraating high temperatures. His ajiparatus consists of a cylin- 
irical or spherical vessel made of porcelain and closed by a plate 
a small aperture. A little mercury being poured into the 
ressel, its vapour displaces the air, and becomes more 1 
temperature rises. The weight of mercury left in the vessel after 
COTdensadon reveals the temperature. 

The value of air as a thetraometric measurer is very great. The 
nnifonnity which characterises its expansion between freezing and 
boiliDg pomts, obtains, it is believed, alike at the highest and the 
lowest recorded temperatures. The measure given by air is equally 
reliable whether we are observing the fusing of platinum or the 
congealing of mercury. So far as we know, and disregarding 
minute differences which are practically inappreciable, aii 
failed as a measurer of temnerature. 






THE LOWERING OF THE TEMPERATURE OF A GAS WHILE I 



40. In discussing the invention of the expansive working of 
steam we obtained the curve of the expansion of sleam according 
to Boyle's law, assuming, as a matter of course, that the temperature 
remained constant We have now to enter upon a new enquiry, 
which follows as a consequence of the mechanical theory of heat, 
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and shall endeavo \x to show that a mass of air may have ia 
temperature lowered, not by the escape or heat according to th^ 
usual processes of conduction or radiation or convection, but iail 
totally different manner, namely, by allowing it to perform extenwl 

If we accept Davy's belief ' that die immediate can; 
phenomenon of heat is motion, and that the laws of its ci 
cation are precisely the same as the laws of the communication cj 
motion,' there should be no hesitation in applying Newton's 
that ' action and reaction are equal and opposite.' In i 
ihe result arrived at is no doubt startling. Granted that 772 
(about J of a ton) would, by falling through i foot, develop t, 
amount of lieat sufficient to raise i lb. of water through \° ¥., ' 
follows from the above law that the converse proposition shou^ 
also be tnie, and that the heat necessary to raise the teraperatm 
of I !b. of water by 1° F. should be competent to lift 771 Ibi. 
through a height of i foot. It does not appear that any direi 
experiment has ever established such a result, and it is difEco 
even to conjecture that it could be accomplished. Neverthele 
our theory accepts the conclusion, and the failure is traced 1 
practical difficulties. The student should therefore set before hii 
self, as a model, an apparatus capable of converting heat int 
according to the numerical result above stated, and should c 
the imperfect performance of actual practice with the imagii)ati|| 

workingof an ideal engine where all imperfections or impO! " 

of construction arc supposed to be eliminated By noting t 
degree in which the conclusions of theory exceed those actua] 
reached, he will be working in a path which is continually leads 
to some improvement. Already important changes have ta' 
' place in the ideas which formerly prevailed among engineers a; 
the directions in which greater economy of fuel may be p 
ticahle, 

41. We propose, in the first instance, to consider the perTon 
ance of an ideal engine, where the material is such that no exteil 
heat can enter the working cylinder and no internal heat can pa 
away by the ordinary processes of conduction or radiation, ; 
w!ieiv the piston moves without any friction. Introduce now i 
t/ic cylinder a mass of air at a Vl\%\^ ■^^es'sait ■^,4 -a. ^ ^ 
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ji^eratore, and allow it to expand doing work. Although the 
I enclosed can lose no heat by conduction or radiation, yet its 
'e i?vill rapidly fall as the expansion goes on. The walls 
cylinder present an impassable barrier to the transfer of heai 
ig to the ordinary processes by which heat passes, but the 
le is at work and there is no obstacle to the transfer of motion, 
beat be motion, the machinery outside the cylinder cannot start- 
action unless the air within loses an exact mechanical equiva- 
in the agitation of its molecules, and it would be futile to 

that Boyle's law should be strictly fulfilled. 
It is remarkable that Watt, in his patent of 1782, showed a 
ig cylinder surrounded by a hot steam jacket, the direct ten- 
of which would be to preserve a constant temperature 
and to cause the expansion to follow the precise law laid 
in his description of the invention. 
In order to understand the matter more thoroughly it may be 
to refer to some facts which have been observed in the appli- 
[aition of compressed air engines. Taking the case of a compressed 
air engine set up at the Govan Colliery near Glasgow in 1849, it 
! appears that a steam-engine was employed to compress air to a 
pressure of 20 to 30 lbs. per square inch. The air was then con- 
veyed down a shaft 176 yards deep, and along a road through a 
fordier distance of 700 yards. The first difficulty arose from the 
beating of the compressed air in the cylinders of the compressing 
pomps, and layers of water covered the series of balls forming 
the piston and delivery valves, and thereby absorbed a quantity of 
heat as soon as it was generated. In recent engines, the flooding of 
die valves is not practised, but a horizontal compressing air cylinder 
has a water jacket open at the top in order to keep down its tem- 
perature. 

According to the old theory it was believed that the heat fluid, 
or caloric, was squeezed out of a mass of air by sudden compres- 
sion, and in this way the lighting of a piece of German tinder at 
the bottom of an air syringe by the sudden forcing down of the 
piston was commonly explained. 

The development of heat by the act of compression being thus 
rendered apparent, we have to point out what takes place at the 
t)Ottom of the mine where the compressed air does work in es^ 

F 2 
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panding. The air engine referred to was an old high-pressoej 
engine with a cyUnder of lo inches in diameter and 18 inchOH 
stroke, making about 25 revolutions per minute; and the neO 
practical difficulty arose from tlie disappearance of fieat in t 
working cylinder, whereby, on some occasions, the formation 
ice in the cylinder and exhaust pipe clogged the working parts. 

In order to meet the difficulty various suggestions have beca 
made, and Mr. Siemens has pointed out that according to thefflj 
the better course would be to inject cold water, in the form W 
spiay, into the compressing cylinder in sufficient quantity to keqf 
the temperature practically uniform throughout the stroke ; aH 
afterwards, if such a thing were practicable, to take the very 
water which had become heated in the compressing cylinder, an 
inject it again into the expanding cylinder, so that the heat taio 
from the air during the compression should be restored to it dur" 
the expansion. 

UNIT OF HEAT AND FIRST LAW OF THERMODYNAMICS. 

42. Adopting the belief that a quantity of heat means a quonl 
of molecular motion, the unit of measurement is the following; 

Definition.— A unit of heat is the quantity of heat requii 
for raising the temperature of i lb. of water, at or near its te 
perature of greatest density (39'i'' F.) through 1° F. 

The ' pound ' here spoken of is the unit of mass, viz., 1 
standard pound avoirdupois. 

First Law. Heat and mechanical energy are mutually a 
vertible, and heat requires for its production, or produces by 
disappearance, mechanical energy in the proportion of 77a fool 
pounds for each unit of heat. 

The number 772 is usually denoted by the letter J, in tokern 
Mr. Joule's experiment, and the temperature of the water referred! 
in defining a unit of heat is taken at 39'!° F. instead of lyil 
between 55° !■'. and 60° F,, as in the original experiment 

ON SPECIFIC HEAT. 

43. The term ' specific heat' is used in a technical sense, 
die word 'Ami' signifies quantity of heat, ijni sftciju: mo 
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caliar to the substance. There must be some standard of 
erence in the measurement of specific heat, and the substance 
lected for this purpose is water at or near 39*1® F. 

Def. — ^The specific heat of any soh'd or liquid substance is 
le ratio of the quantity of heat required to raise the tempera- 
ore of a given weight of the substance through i® F., to the 
jiantity of heat required to raise the temperature of an equal 
weight of water at 39*1 ° F. through i'' F. 

Water is selected as a standard, because it opposes a greater 
resistance to a change of temperature than any other liquid or 
nlid substance, and it follows that die specific heats of all solids 
€f liquids are registered as fractions less than unity. 

The specific heat of water is not absolutely constant, the 
specific heat of boiling water becoming increased by a minute 
faction, and a progressive iacrease continuing at still higher tem- 
peratures. 

In symbolical language it may be said that if q be the quantity 
erf heat required to change the temperature of a given mass m 
from / to T, we should infer that ^varies as (t-/) when m is given, 
and that q varies as m when (t - /) is given. 
Hence q varies as m (t - /), 

or = ^M (t-/), 
wbeie the constant c is called the specific heat of the substance, 
and is the measure of the quantity of heat which will raise the 
unit of mass through one degree. 

44. In estimating the specific heat of a gas it is necessary to 
bear in mind the fact that the temperature of a gas is lowered by 
causing it to do work. 

1. If a portion of gas be enclosed in a rigid vessel whose form 
is unalterable, and be heated, it does no external work, and its 
specific heat would be assigned just as in the case of a solid or 
liquid, that is, by comparison with water whose specific heat is 
inity. 

The specific heat of air at a constant volume is •169. 

2. If a portion of gas be enclosed in a vessel in such a manner 
(hat it can expand under a constant pressure, and if it be subjected 
» the action of heat, it will increase in volume, and will push 
iway any external air which presses upon it. thereby doing work. 
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The result is that it absorbs more heat in rising through 
number of degrees of temperature than it would do if no heal 
were converted into work.. 

The specific heat of air at a constant pressure is -238. 

The next step is to apply symbols to these results, and CO 
certain calculations about to be given. 

Let k be the specific heat of air at a constant pressure, 
„ c „ „ „ constant volume. 

Then - = f4o8 = y suppose. 

The ratio - is of such frequent occurrence that it has b«a 

usual to designate it by a Greek letter y. 

The velocity of sound {in feet per second) in air at the tem- 
perature 32° F. maybe proved (o be -J^yix, where ^ is SJ'zfeet, 
and H is 26,2 14 feet, the height, as it is called, of the homogeneoas 
atmosphere at 32° F. The measured velocity of sound hence 
gives 7 = I '408. 

The value of k lias been found by eKperiment, and (as stated) 
is equal to "238, but the value of c cannot be ascertained by direct 
experiment, and is therefore deduced from the equation 

'^ ~ 1-408 " i'4o8 ~ ^ ^' 



THE LATENT HEAT OF STEAM. 

45. The principle successfully carried out in determining the 
temperature of high-pressure steam, has been also applied for 
determining the latent heat of steam. 

The apparatus employed by Rcgnault (whose results are of the 
first authority) was too complex to admit of explanation here. A 
full account of it, together with an engraving of the several pans, 
is to be found in Jamin's ' Couis de Physique.' 

Steam was generated in a boiler containing some 30 to 40 
gallons of water, and was passed through a coiled pipe in the 
interior thereof before it was led away, the result being lh»t 
any water adhering to the issuing steam was vaporised, and lh»t 
the supply consisted of dry saturated steam. The pressure of ibe 
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generated was determined by an artificial atnios])here, 
measured as in the previous case. 

^ere were two vessels, technically 

taown as calorimeters, through each of 

niich the steam passed twice for a few 

hinules, and wherein its latent heat was 

^ven up to a measured quantity of water. 

Che annexed drawing shows the constnic- 

Son of one of the calorimeters employed. 

Steam enters the copper rescr\-oir, c, 

^hich opens into a second reservoir, b. 

STiere is also a worm pipe passing from b, 
od twisted in a spiral round the inside of 
le calorimeter, but terminating in a pipe, 
, leading to the receiver which regulates 
ie pressure of the artificial atmosphere. A tlierraometer, t, gives 
ie temperature of the water in the calorimeter. In order to preserve 
continuous flow of steam through the apparatus at a time when 
iie measurement is not proceeding, there is a condenser, into 
fhich the supply is turned at pleasure ; also the pipe which leads 
rom the boiler to the calorimeters is steam-jacketed throughout. 

i The results were, of course, given in graduations of the centi- 
pade thermometer, and were as follows :— 

I I, The latent heat of steam produced at atmospheric pressure, 
IT at a temperature 100° C, was represented by the number 537. 
2, Taking the temperature of the steam at t degrees centi- 
me, it appeared that the quantity of heat necessary to raise a 
nit of weight of water from to x and to transform it into vapour 
It a temperature t was equal to 

606-5 + 'y-, T 
' Since 537 C. = 966-6 P., we estimate that 966-6 units of heat 
Kcome latent in the conversion of one pound of water at sis' F 
Dto one pound of steam at the same temperature. 

Adopting now tlie graduations of the Fahrenheit thermometer, 
(nd remembering that 1° C. is equivalent to g" F., let L re- 
present the latent heat of steam, and let h be its total heat. The 
lesignation 'total heat' is conventional, and is taken to express 
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the heat required to raise i lb', of water from 32® F. to the tem- 
perature of evaporation and afterwards to convert it into vapour, 

then H = 10917 +'305 (/— 32®) 
L = 10917 --695 (/-32*') 

= 1 09 2 — . 7 (/— 3 2°) approximately ; 
or = 966 — 7 (/— 212®). 

Watt experimented on the latent heat of steam, and in 1781 
estimated it by the number 950, but subsequently he put the 
numerical value a little higher, viz., at 960. Also, using the term 
* free heat ' to indicate the amount of sensible heat above 32° F. 
as measured by a thermometer, he enunciated the law that in 
steam at any given temperature — 

Latent heat + free heat = a constant quantity. For ex- 
ample : — 

Units. 

One pound of steam at 212° F. . f 180 sensible heat 
condensed at 32° F. gives out . L 966*6 latent „ 

amounting together to . 1146*6 
Again — 

Units. 

One pound of steam at 250° F. . J 218 sensible heat 
condensed at 32° F. gives out . \ 928*6 latent „ 

still amounting together to 1146-6 

But Regnault showed a variation from this law, and his formula 
gives 1158*2 as the total heat of steam at 250® F., instead of 
1146*6. 

It will be necessary to recur to this subject in the Appendix, 
where numerical examples and questions set in the Science and 
Art examination papers are brought together. 

THE ABSOLUTE ZERO OF TEMPERATURE. 

46. If air be adopted as a thermometric substance we com- 
mence our researches upon temperature in a very advantageous 
manner, for it is easy to conceive that the law of expansion of 
air is carried on indefinitely at increasing temperatures, and that 
the law of its contraction pursues an undeviating com-se as far as 
the point at whicli the whole of the heat contained in a mass of 
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air has been taken away from it Then arises the question i, 
What is the real zero of an air thermometer, or the 
indication which it woirid give if the air were deprived 
of^llits heat? 

In order to maJte the matter clear, let us take the 
case of air enclosed in a cylindrical tube of indefinite 
length, and separated from the atmosphere by a small 
globule of liquid which does not evaporate sensibly. 

Let the tube a p be 6oa inches long, and conceive 
that when the index is at b, marking 32° F., the length, 
A B, is 30 a inches. 

At ziz" F. the index will rise to e, where ae is 
41a inches. 

Let X be the number of graduations in b p, when 
index rises to p, such that a p = 6ofl. 
Then e p : b e = a; : 180" 
or 30a : no = x : iSo" 
.■.ii:>.- = Si4oo° 

X = 491° very nearly. 
Hence 30a inches is added to the tube of air by 
increaseof temperature of 491°; and, in like manner, 
ranches would be cut off by a fall of temperature 

■■. But that is tlie whole length of the tube, and " "" '^ 
TS that the air cannot contract more than by a fall of 491', 

ero of the scale is 491° below B. 
ice RA = 4yi''-32 = 459°- 
ie true value of the expansion is taken, however, to be "3665, 
not*3666..., and consequently this number is slightly altered ; 
so that whereas the bottom of the tube would be marked correctly 
at— 459°.i3 F., it is usual to assign the number — 460 F. as the 
zero of the scale. 

This number indicates what is termed the absolute zero of 
temperature, and if the reading could be observed at the bottom 
of the tube it would imply that the volume of the air had been 
reduced to nothing. Mr, Maxwell says :—' If it were possible to 
extract from a substance all the heat it contains, it would probably 
nill remain an extended siibstance, and would occupy a certain 
volume. Such an abstraction of all its heat from a body haM 
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never been effected, so that we know notliing about the tempera^ 
ture whicli would be indicated by an air thermometer placed in 
contact witli a body absolutely devoid of heat.' 

If we agree to adopt the absolute zero of the air thermo- 
meter as the point at which tlie readings commence, and adhere 
to Falirenheit's scale, we shall esrimate freezing point, not as 32°, 
but as 32° + 460° or 492°. And hke alterations for other tempera- 
lures. 
' On pausing to consider the amount of progress which has 
been made in travelling down the tube of an air thennometer to- 
wards the limit of the absolute zero, we shall find that hitherto the 
best results have been obtained by combining chemical with 
mechanical action. Thus Faraday obtained carbonic acid snow 
by allowing the substance when liquefied under pressure to escape 
into a small box, and the snow so formed could be wetted with 
ether, so as to produce a sort of paste liaving a temperature 
of — ioC° F, By accelerating the evaporation of the ether from this 
paste under the exhausted receiver of an air-pump the tempera- 
lure was reduced to —166° F. 

Natterer has obtained a still more intense degree of cold, by 
mixing liquid protoxide of nitrogen with bisulphide of carbon, and 
placing the bath in an exhausted receiver. By this process he has 
lowered the reading of a thermometer to — zzo" F. 

The two laws of the expansion of gases, namely, the laws 
of Boyle and Cliarles, are connected together in a very simple 
manner under the view now suggested. 

Thus if Pi V, t represent the pressure, volume, and absoluU 
temperature of a quantity of gas, then while t is constant, the pro- 
duct/ V is for this gas invariable. This is Boyle's law. 

When t \a.n&^, pvvai'Ki as, t, or pv = H I, Ji being constant 
This is the expression of the law of Charles or Gav-Lussac, which- 
ever it may be called. 
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I 47. Another point for explanation is that there is a special 

[ curve which represents the expansion ol a %as -w^iBm. confined in 

k avessel which possesses the Irna^iia.tY-piQ^w^jcS'ii'A^^wai^'a^ 
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Beat to pass through its substance, and where the gas is doing 
eitemal work during us expansion. 

In such a case the curve of expansioo will not follow Boyle's 
law, by reason that the temperature of the air will be affected 
through the interaction between heat and work. 

Tor example, if the expanding gas does work, its temperature 
will fali by the conversion of the molecular motion of heat into 
the sensible morion of the mass upon which the work is done, 
and, since the pressure of a portion of gas is influenced Ijy its 
temperature, the reduction of pressure will be greater than that 
exhibited by Boyle's law. 

The curve of expansion is now called an adiabatic curve {from 
two Greek words, signifying not to pass through), and the name is 
intended to express the conditions under which expansion takes 
place, viz., tliat no heat passes out of the gas either by conduction 
or radiation. 

TTie calculations necessary for determining the form of an 
adiabaric curve will now be given ; but the processes cannot 
be made intelligible to students who are not conversant with 
mathematics, and the explanadons in the next chapter are so 
ftamed that those who are unable to follow the symbolical reason- 
ing may nevertheless take the results here investigated and apply 
them as required. 

48. Prop.— To find the relarions between the pressm-e, tem- 
perature, and volume of a portion of gas when it is expanded or 
compressed without addition or subtraction of heat. 

Let/ be the pressure, v the volume, and t the temperature of 
a given portion of gas. 

Thenj5!' = Rt. 
.: pdv + vdp = Rdt. (i) 

As before, let k be the specific heat of the gas at a constant 

pressure, then the quantity of heat necessary to be given to a unit 

of weight of the gas withoutchangeofpressure, in order to increase 

its volume ^ty dv'is 

I. 'It ^ 
k.-j- . dv; 

inii Ifr- he the specific heat at a constant volume, live qiiaj»\t^ ot 
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heat required to increase the pressure of the same portion by 
dp without change of volume is 

c.j-^.dp. 

If the variations of volume and pressure occur together, we 
adopt the principle that small increments from different causes 
may be superposed without interference, and the whole quantity 
of heat so required will be 

z. dt 1 , dt J. 
dv dp ^ 

But, taking the equation pv =^ Rt, and differentiating, (i) when 
p is constant, (2) when v is constant, we have 

dt _ p _t 



dv 


R v' 


dt ^ 
dp 


V t 



/. quantity of heat = — dv -\- ^— dp = o by hypothesis, 

since there is no addition or subtraction of heat 

. kdv _ cdp 

• • ■ — " ^~ • 
V p 

Substituting in (i) we have pdv ^^ .dv^Rdt ^tldt. 

c t 

k ^ c\ vdt 



... - a. (ITL') = i^. 



r.^ f \dv dt . k 

or — ( y — I ) — = -ri smce y = -. 
\ J V t ' c 



.\ log (J)'^"'= log / + C. 



Taking /o> ^Of as values of the pressure and volume correspond- 
bg to a temperature /q we have 
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whence £- = {-^y.oipv^ = a constant. 

which is the equation to the adiabatic curve. 
Also the relations between the temperature, pressure* and 
Tolume of the enclosed gas are given by the equations 

Cor. — If y = I, the adiabatic curve passes into the curve 
fv^ constant, which is the curve of Boyle's law. 



DIAGRAM OF AN ADIABATIC CURVE. 

49. It is instructive to set out an adiabatic curve in a diagram, 
and to compare it with an isothermal curve, which follows the law 
of Boyle. 

Let OM represent the volume, z'o, and p h the pressure, /o, of a 
portion of gas at a temperature /q- ^^ ^^ gas be compressed at a 
constant temperature /q, we shall 
have R N representing the pressure 
at a volume o n and heat will escape. 
Whereas, if it be compressed to a 
volume o n without escape of heat, 
the pressure will be represented by 
Q N, as assigned by the previous cal- 
culation, and it is easy to see that 
Q N is greater than r n. 

Also the temperature will rise 
from /(, to /, as determined by the 
formula. 

The conclusion is that air resists compression with greater 
power when the action is sudden, and the heat has no time to 
escape, than when it is gradual and the heat insensibly passes 
away. It is often said that a gas has two elasticities, viz., (i) the 
the elasticity at a constant temperature, (2) the elasticity when no 
heat escapes, and that we lose sight of the latter, which is the true 
elasticity, because it so rarely influences any observed result 
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A remarkable illustration is afforded byreseaiches on the velo- 
city of the propagation of sound. The sound-waves compress and 
rarefy air suddenly. As stated by Mr. Maxwell : — * The changes 
of pressure and density may succeed one another several hundred 
times in a second, whereby the heat developed by compression 
in one part of the air has no time to travel by conduction to 
parts cooled by expansion, even if air were as good a conductor 
as copper is. But we know that air is really a very bad conductor 
of heat, so that in the propagation of sound we may be quite 
certain that the changes of volume take place without any appreci- 
able communication of heat, and therefore the elasticity, as de- 
duced from measurement of the velocity of sound, is that corre- 
sponding to the condition of no thermal communication.' 

Newton calculated the velocity of sound by assuming that the 
elasticity of air followed Boyle's law, and made it less by one- 
sixth part than the observed result The error was subsequently 
pointed out and corrected by Laplace. 

* The ratio of the elasticities in the case of air, as deduced 
from experiments on the velocity of sound, is 1*408, which is also 
the ratio of the specific heat at constant pressure to the specific 
heat at constant volume.' 

50. It may here be useful to point out one or two applica- 
tions of the formulae obtained. 

Let a mass of air at volume 12, pressure 15 lbs., and tempera- 
ture 60** F., be compressed with- 
out addition or subtraction of 
heat till its pressure rises to 30 
lbs., the increase of temperature 
will be given by the formula. 
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o But y =: 1-408 /• y~ — ? = -29 
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Here /q = 60® -f 460** 
= 520^ 
and /o = I Si whence tempera* 



ture at pressure 30 pounds = 520 f ^-\ ^^ = x suppose. 
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.'. log. X = log 520 + -ag X log. a. 
= 27160033 + -0872987 
= 2-8033020 
= log- 63577 
.■. temperature = 63577 — 4^° = 176° F- 

In like manner the temperatures corresponding to pressures of 
<S lbs. and 60 lbs. will be 255° F. and 318" F, respectively, the 
results being marked down in the annexed diagram, 

51. To find the work done by a gas while expanding we 
proceed as follows : — 

Adopting the previous notation, let 70 be the work done, and 
.emembering that p dv expresses the work performed in passing 
from » to » + dv, or is represented by the rectangle s m referred 
lo in Art. 18, we have to find the sum of all such rectangles 
analytically, which is done by integration, whence 
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This formula may also assume 
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51. A comparison is often instituted between the relative 
advantages of compressed air or of water under pressure as a 
medium for the transmission of power to a distance. Tliose who 
advocate the use of compressed air, which is of great practical 
value in many cases, should nevertheless understand the penal^ ■ 
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which must be paid for the use of it. We are now in a positioi 
to calculate the loss of work due to the cooling of compressed U 
after it has been heated by the action of the compressing pumps. 
Let a mass of ail of volume v^, and pressure /q be compressei 
to a pressure/, the work expended during its compression will bi 

The temperature of the mass of air will be raised by this 
pressLon, and the simplest way of looking at the question will b 
to conceive that the air is allowed to cool at a constant pressure j^ 
but contracting to a volume v. 

Then Ji^v^ = pv by Boyle's law ; 
and work restored by the air when expanding behind a workiiq; 
piston 

, work expended _ fP_\^—^ 
work restored \^o' 
Ex, — Let/ = 3/u, or let the air be compressed to three ti 
its original pressure, 

. work expended _ fSp^ '29 _ 29 
work restored \pj ~ 

But 3'^9 _ ,.3jj_ 

.■. work restored ^= . X work expended, 

«37S 
— 73 X work expended. 

That is to say, before any useful work is obtained from the a 
pressed air, as much as 27 per cent, of the power has been throwi 
away. In tunnellmg througli the Alps, where the boring machini 
were worked by engines supplied from a reservoir of air at a pre 
sure of six afniospheres, the loss by cooling amounted to abou 
40 per cent, of the power expended iMvui'^ cam^xt^avcm. 
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CHAPTER 111. 

ON HEAT ENGINES. 

53. A. HEAT ENGINE, in the sense adopted in this book, is an 
tpparatus for converting heat into mechanical work. 

We purpose to discuss, in the first instance, the performance 
of an ideal heat engine, such that the curve of expansion of the 
working substance shall be an adiabatic curve. 

On this hypothesis the working substance is a perfect gas, 
say air, enclosed in a cylinder provided with a piston capable of 
moving without fiiction. When the air is doing work, the material 
of the cylinder should be such that no heat can pass out of it 
and none can warm it At other times it may be necessary for 
tiie air within the cylinder to accept or reject heat. The condi- 
tions for working are therefore contradictory, and accordingly, in 
&e books on heat engines it is supposed that the piston, and the 
whole of the cylinder except its base, are perfect non-conductors 
I of heat, while the base of the cylinder is a perfect conductor of 
! heat, but yet has no capacity for heat, ue. the amount of heat 
required to alter its temperature may be left out of consideration. 
Then there are two bodies a and b kept at different fixed tempera- 
tures, and there is a stand with a non-conducting surface on which 
the working cylinder can be placed when required. The engine 
is supposed to be placed on a when it takes in heat, to be carried 
to B when it gives out heat, and to rest on the stand when it works 
vith the heat bound up in the enclosed gas. What is to become 
of the mechanism is not stated. 

Under these circumstances it appears to be a waste of time 
to go through the formukij of sup^^osmg the engine to "b^ acJWfiSoj 
f^t work, and shifted about during its performance. TVve v\\o\^ 
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tiling is the creation of the mind, and we shall disregard these 
details of supposed practice which clear up nothing, and shall 
merely conceive that everything takes place as required, so that 
the engine performs work in the manner intended. 

Having thus settled the qualities which a heat engine should 
possess, we have next to ascertain what can be done with it. 

The hypothesis being that a given mass of air is enclosed in 
the cylinder of an engine behind the working piston, it has been 
shown that if the air expands, doing work, its temperature will 
fall, not by conduction or radiation, but by reason of the conver- 
sion of beat into external work. The air inside the cylinder gives 
up part of its motion to the piston, and the fall of temperature is 
an interchange of motion and of nothing else. 



j4. Starting then witli a mass of air at a volume v^, a pressure 
„ and a temperature i^, we observe that although it is impossible 
to predict anything as to its 
ph>siLal condition when ap- 
proichmg the temperature zero, 
yet we may assume that its pres- 
T"--^ sure and temperature fall during 

""■'^--^ the expansion of its volume ac- 
j rordmg to the laws already dis- 
cussed, whereby the shaded area 
bounded on one side by the adiabahc curve p y, represents the 
«-liole nork capable of being yielded up dunng an indefinite i 
expansion which finally depresses the t-mperature to the absolute 

Further the )me o a; is an asymptote to the adiabatic curve p Q, 
wherefore it becomes impossible to obtain the whole work dieo- 
tetically bound up in the mass of air in question without canyiiig 
on the expansion till p q meets o x, or until the volume becomes 
infinite. When that takes place, and not until then, will t become 
equal to zero. I 

At present we are engaged on a work of the imagination, and f 
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Save diveslL'd the problem of all jiractical difficulties, but it is 
nevertheless important to remember that an expansion, down to 
460° below zero in the Fahrenheit scale would be required in 
order to compel a mass of heated gas to yield up the whole of its 
molecular motion in the form of work. It is a common thing for 
people to say that 1 lb. of carbon, in buming, gives out heat 
enough to do the work of raising 772 x 14,500 lbs. through one 
foot, and they are apt to disregard die primary condition under 
which this performance would be possible. That condition is as 
hopelessly removed from our reach as if it were to be grasped 
only in some distant planet, and therefore it is better not to give 
any prominence to this mode of estimating the work stored up 
fuel, but rather to think of it as a conception of the mind, and 
something quite unreal ^ 



MEANING OF THE T£RH 'CYCLE.' 

55. At this stage it will be convenient to introduce a technical 
word, namely, a cyde, and to explain the use made of it 

Def. — A series of successive states of the volume and pressm-e 
of a working gas, which may be represented by a continuous line 
returning into itself, is called a cyc/i. 

A cycle is reversible when the series of changes of volume and 
pressure can be passed through indifferently in either direction. 

It should be understood that a cycle is the bounding line of 
some definite area, and the imporiant consideration connected 
with it is that the area so enclosed represents either the eNtemal 
work done during the series of transformations by the enclosed 
gas ; or, if not, it represents the work done upon the gas while 
carrying through these transformations in a reverse order. 

Furthermore, by the first law of thermodynamics, heat and 
work are convertible the one into the other, whence it follows 
^t the area enclosed by the cycle represents also the amount of 
heat expended in doing the work in question. This is universally 
tniCi If an area represents an amount of work done, it must also 
represent the quantity of heat expended in doing that work. 

Refening to the diagram where the axes aie tUc tiip.^ q^ 
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1 the previous cases, let the point f 

whose position indicates the pressure 

and volume of a given quantitj' of 

gas at a given temperature, trace 

out the closed curve a p b p'. Thai 

curve will record the corresponding 

values of the pressure and volume 

of the gas at any instant, and is 

called a cyck. Also the area m a p b n 

represents the positive work done 

'"■ ^^ in passing through a p n, while the 

area m a p' b n represents the negative work done in passing 

dirough B p' A, the difference a p e p' bemg the work done by the 

sabstance in undergoing the series of transformations. 

The same area might also represent the work done upon tlie 
substance under altered conditions, and it necessarily represents 
the heat expended in the first case, or that absorbed on the 
alternative supposition, viz., that work is done upon the substance. ■ 
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56. Let O ?', »T represent the volume v, and pressure p ol z 
portion of a gas (say air), at a given absolute temperature t, and 
draw the adiabatic curve T t' r. Let the air expand doing work, 
to a pressure v' t' and temperature t'. Then lower its tempera- 
ture at a constant volume o »', till its pressure falls to /' v\ and its 
temperature to /". Compress the air to its original volume Of, 
as shown by tlie adiabatic curve /'/, when its temperature will 
rise to / (suppose), and finally heat the air at a constant volume 
o V, till its temperature rises again to the original value t. This 
win form a complete cycle of operations, and, according to the 
principle laid down, the work done hy the air during tli.^ cycle 
will be represented by the area ii' f t. 

Referring to the diagram where o x represents the line of 
volumes, and oy the line of pressures, we observe that the two J 
adiabatic curves approach indefraiteiy "aeai W ftv^Xxne, o x as tbt | 
aepansion fpyes on, and theiefoie also vVve^ a.^-^^o^'iv \fi&*5sMS&\ > 
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near to each otiier. 
( to T, and loses heat 
from t' to /', and it is apparent * 
■.hat as the expansion goes on 
this lost heat is continually be- 
coming less and less and finally 
vanishes, wherefore the whole 
beat absorbed in passing from 
/ to T is represented by the in- 
definitely prolonged area t r s /, 
bounded by t / and the two adiabatic 
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Fig, 31. 



Fig. 30, 
vs., is. 
This conclusion follows, indeed, as a corollary to Art 54. 
In like manner if the volume and pres:iire be caused to v 
in any arbitrary manner between 
the points A and D, as shown by 
thecurveAD b, and the adiabatic 
be drawn as before, 
area a d b r s will 
It the mechanical equi- 
of the heat absorbed or " 
given out by the substance in 
passing from the state a to the state b, or conversely. 

r ENGINE WORKING BETWEEIT TWO FIXED TEMPERATURES. 

, It is the property of an engine that it must continually get 
I starting-point, and go through all its operations over 
Lsnd of course it becomes necessary at once to abandon all 
f obtaining the work represented by the indefinitely pro- 
I strip A B R s. A heat engine can only operate in a closed 
i such that the working substance reverts continually to the 
I voloine, pressure, and temiierature which it had at starting. All 
I that we can hope for is to obtain as large a sUce of the strip a h r s 
I IS may be practicable under the conditions of expansion which 
I the construction of the engine will permit. The method will be 
I to travel a certain distance down the adiabatic curve t r, then to 
i over to another adiabatic curve s t, to pursue an u^waid 
I psth throi^fli a certain space, and finally to return in some coxi- 
r jnanacr to the starting-pomL Our hypot^es\ii s\\ali 'Vie 
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that the engine works between two fixed temperatures t and i 
{t being the greater), and that the working substance, say air, 
takes in a quantity of heat h at the higher temperature t, anit 
rejects a quantity h at the lower temperature /, and peribnnt 
external work under these conditions. 

The cycle of operations will be the following : — Starting from 
the point t in the adiabatic curve c s, the air expands through tt 
according to Boyle's law, remaining at a fixed temperature TUd 




k 



taking in a quantity of heat H. It then expands through t / aloi^ f 
the adiabatic curve a r, doing work, and falling from a tempera- 1 
ture T to /. It is next compressed along ttzx^ constant tempera- \ 
ture i, giving out the quantity of heat //, and finally it is compressed 
along the adiabatic curve s c from t to t, and returns to its 
original volume, temperature, and pressure. 

The enclosed shaded area is the indicator diagram of the 
engine, and gives a measure of the work done, or equally, of the 
heat converted into work. 

lu truth, the heat taken in along the curve t t is represented 
by the indefinitely prolonged area t t r s, while that rejected 
along // is given by ^^RS, the difference between the two areas 
marking the conversion of heat into work. 

The problem now in view is to find some relation between 
{h, K) on the one hand, and (t, /) on the other hand. 

Let it be granted, as there is no reason to doubt, that if the 
^fcroJute temperature of any uniformly hot substance, such as the 
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tDridng gas or air, be divided into an indefinitely laige number 
cf equal parts, the effect of each of those parts in causing work to 
" k performed will be the same; and it will follow that if /t be 
Bade very small at any temperature /, however selected, the area 
TT// will alwa3rs bear to the whole area //rs the same propor- 
tion which T / bears to /. 

In other words if ^ be the quantity of heat represented by the 
area / / r s, and dq that represented by t t / /, the alteration from 
/ to T being represented by ///, we shall have 

dq _ dt 

or ^ = A /, where a is a constant 
That is the same thing as saying that 

n _h 

a fundamental relation which is of the greatest possible use in this 
dieory, and which has been shadowed forth throughout the reason- 
ing of the previous pages. 

It is material to comprehend the exact agency of the heat 
consumed in the operations, and we note that the heat h is taken 
in while expanding according to Boyle's law, and that the heat A 
is given out during a like compression. 

In order to estimate the work done we proceed as follows ; — 

Let J represent Joule's equivalent, or 772 foot-pounds. 

The quantity of heat h is capable of doing the work j h, and 
in like manner the quantity of heat A can do the work j A. 

.•. work done by the engine = j (h— ^) = j h ( i — j. 

But - •= -, 

H 1 

/. work done = jh(i — -^ •= jh ( •^^)« 

Conceive that an ideal engine worked with air heated up to 
300° F. and cooled down to 50° F., we should have 

T = 460 4- 300 = 760, 
/ = 460 -t so = 510. 
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That is to say, our ideal engine, which is absolutely faultless 
in construcrion, and therefore unattainable, cannot reproduce, 
under the assigned differences of temperature, so much as ^ ol 
the work which is stored up in the mass of heated air. A practical 
mechanic who is concerned at the statement that the modern 
steam-engine is full of glaring defects, may derive some consola- 
tion from an accurate definition of the limits within which im- 
provement is possible. 

It is hardly necessary to point out that the cycle of operatioDS 
is reversible. Thus we may start from the point t m the line cs, 
travel down t^ doing work, cross ovfir through ti taking in a 
quantity of heat h, then rise through ^t doing work upon the air, 
and pass through t t giving out a quantity of heat h. The work 
done upon the enclosed air would therefore be represented 
by J (h - //). 

58. As an example of a cycle which is not reversible, take the 
indicator diagram of an ordinary condensing engine as given by 
theory. 

The steam is supplied at a uniform pressure along a b, it 
expands and does work along B c, its 
temperature and pressiu-e fall suddenly 
as shown at c d, and its pressure re- 
mains constant through d e. 

In the reverse operation the steam 
and condensed water should be com- 
pressed till its pressing rises through 
Fig. 33. D c, and the water into which the steam 

has been condensed should be reconverted by pressure into steam 
at the temperature at whidi the expansion during the direct 
working came to an end. This is an impossibility, and an ordinary 
ccmdensing engine is therefore n on- reversible. 



ELEMENTARY HEAT ENGINE. 

59. It is convenient to distinguish by a particular designation 
an engine which works under the three coniiUoYts-Ro-K ta be eno- 
L masted, viz., that 
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r. All the heat is taken in at a higher constant temperature xJ 

::. All the heat is rejected at a lower constant temperature A fl 

3. The cycle is reversible. 

When an engine fulfils tliese conditions, it is termed an 
tiemmtary Juat engine, and enjoys the property that it cannot be 
surpassed in efficiency by any other engine working between tlie 
same temperatures ; it is, in fact, an ideal perfect engine, and is 
the model instituted for mental comparison in viewing the per- 
formance of real engines. 



CARNOTS PRINCIPLE. ^^H 

60. At this stage we propose to discuss the principle laid down 
by Sadi Camot in 1824. Camot, who was a French officer, and 
ion of the celebrated Minister of War under Napoleon, founded 
histheory of heat engines on the erroneous supposition tlmt heat was 
a substance, but his errors were those of a man of genius, and the 
piinciple which he enunciated is a fundamental truth according to 
flie dynamical theory. Writers on the subject of heat tell us 
exactly where Camot was right, and where he was in error, and 
ihcy distinguish and analyse his statements. In the present 
treatise we shall not attempt to follow them, and shall merely refer 
the student to other sources, such as Maxwell on ' Heat,' for in- 
formation on this point 

Camot's book was entitled ' Reflexions sur la puissance motrice 
du feu, et sur les machines propres \ diSvc-lopper cctte puissance,' 
and the idea firmly fixed in the mind of tlie writer was that the 
perfonnaace of work should be attributed solely and absolutely to 
the agency of heat. 

The principle of Camot may he stated as follows : — Tlie 
amount of work done by a reversible heat engine depends only 
on the constant temperatures at whicli heat is received and at 
which it is rejected, and is independent of the nature of the in- 
tennediary agent (such as steam, air, &c}. 

This principle involves two propositions which are suffideutl'j 
staking, and lhe£rstis that the elementary heat engme \ve^ex.ofo"tt 
dacnssed, and which took in heat at one constant tempeiaAoieMi^ 
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rejected it at another temperature also constant, is really and tnily, 
and in virtue of being reversible, a perfect engiae. That is to say, 
no other engine working between the same teniperatnres can do 
more work than that performed by this particular engine. 

The second proposition relates to the part played by the work- 
ing substance, and, when rightly understood, may serve to dispel 
a number of erroneous notions which are commonly entertained 
on the subject of steam and vapour engines. The fundamental con- 
ception being that the whole work done by a heat engine is traceable 
to the disappearance of heat, and to that alone, it follows that a 
heat engine is entirely independent of the nature of the substance 
under which it performs its functions. Whether the apparatus is 
a steam, air, or ether-vapour engine is of no consequence what- 
ever. That is the correct view, but nevertheless many would 
hesitate to compare the economic advantages of saturated 
steam at a pressure of lo atmospheres with a temperature of 
358° F., and steam at a pressure of (say) two atmospheres, when 
superheated to the same temperatiu^. They would conclude, as 
a matter of course, that the steam at the higher pressure was the 
better working substance. 

And yet we submit that, irrespective of any practical con- 
siderations in the application of steam to working engines, such 
an inference is entirely fallacious. The heat consumed does 
the work, and nothing else is of any avail ; the substance which 
takes in or gives out the heat is like the casing of the cylinder, it 
is matter which must be interposed, but it is not the agent The 
quantity of heat contained in the substance which fills the cylinder 
is that which alone becomes important, it is that alone which 
is the vera causa of the efficiency of the engine; and we need to 
look only to the temperatures of the source of heat and of the re- 
frigerator in order to discover the work that should be performed. 
Taking the reversible heat engine already discussed and calling 
it .*, let it be supposed that some other engine, which works by 
taking in the quantity of heat H at a fixed temperature T and giving 
out a like quantity of heat h at another lower temperature / is 
I more efficient, either by some difference of construction or bj 
I woriiijg with some more effective agent su.c\v as t'iiw vapour, for 
ke&uop/e, instead of air. Call the sec.oti4 et\?;TOeii,asiiVft. "■&>*. 
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oouplcd to A £md drive it in the reverse direction, thereby doing 
i«)A upon, instead of deriving work from, the intennediary 
agent 

The engine b t^kes in a quantity of heat H at each stroke and 
gives up the portion h to the refrigerator, and a would do precisely 
the same if it were allowed to work in the ordinary manner. But 
since B works a in the reverse direction, the heat consumed in a 
stroke of b is restored to the source again by a, and the coupled 
engine is therefore automatic. Since the source of heat loses 
nothing it is clear that the action would go on for ever, but then 
an anomaly arises, for b bemg more powerful than a, we can 
suppose B to do some surplus work over and above the work done 
upon A. This excess of work done continually accumulates, and 
how is it to be accounted for? It cannot come from the source of 
heat, since that neither loses nor gains anything, and therefore it 
liiust either be {i) created out of nothing, or [2) it must be taken 
from the refrigerator. 

6i, We reject both alternatives ; for the first ta%v of thermo- 
dynamics denies the creation of heat, and we announce a second 
law to express the absurdity of the second alternative, v 



SECOND LAW OF THERMODYNAMICS. 

Second Law. It is impossible for a self-acring machine un- 
aided by any external agency to convey heat from one body to 
another at a higher temperature. 
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THE USE OF HIGH-PRESSURE STEAM. 
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62. We are now in a position to form an adequate idea of the 
advantages to be deriveil from the use of high-pressure steam, 
working expansively, and with condensation. 

As to high pressure and condensation, we may say that a steam- 
engine is a heat engine. It cajinot be worked as a perfect engine, 
and the approach to perfection is aimed at in a somewhat rude 
manner, but the great gain exhibited by theory resls so\e\-j M-^-tt 
a difference of temperatures, and tlie wider iKiS i\\Keie,t\ce, "Stift 
i'rc-aterh the amount of work which can be done. Ks Ui e^V^i 
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31011, that passes without any contest, the whole theory of heat 
engines is based upon expansive working. And here it may be 
instructive to re?iew the progress made by engineers in the use of 
high-pressure steim without reference to the doctrine that heat 
alone is the agcat which does the work. 

It has been stated in Art, 21 that Homblower invented the 
double or compound cylinder engine for expansive working, and 
that he intended, as did Watt in his patent of 1782, to employ steam 
at or near the atmospheric pressure. The economy resulting ftom 
the expansion of steam at a high-pressure was, however, first io- 
sisied upon by A. VVoolf, a Coniish man, who converted Hom- 
blower's double cylinder engine into a form suitable for driving 
machinery (see Chapter VII.), and erected a so-called Woolfs 
engine working with high-pressure steam and condensation at 
Meux's Brewery in 1806. Woolf entertained the most fanciful and 
erroneous ideas as to the power of high-pressure steam when es- 
paiided, but, although quite wrong in his theory, he persevered in 
the construction of his engines, and erected several which worked 
with steam at a pressure of from 40 to 60 pounds above the 
atmospheric pressure. Down to the year 1814 the pressure of 
the steam in Cornish engines never much exceeded that of the 
atmosphere, and at this low initial pressure there was practically 
but little economy resulting from expansive working, whereby it 
appears that after Watt's immediate connection witii die mining 
district ceased, expansion fell rapidly into neglect Then it was 
chat R. Trevethick and VVoolf both advocated in Cornwall the 
economy of high-pressure steam with expansion, a mode of work- 
ing which was apphed hy the former in Watt's single cylinder 
engine and by the latter in the double cylinder engine. 

It was indeed proved that, by the new method, it was possible 
to raise the duty of an engine (see Chapter V..) from 20 millions of 
foot pounds for one bushel of coal (94 lbs,), at which Watt had left 
it, to 50 or 60 miUions of foot pounds. This was an extraordinary 
result, and the only question that arose related to the manner in 
which the principle should be carried out. At the present day 
Ihure are often long discussions as to the comparative value of one 
or two cylinders for expansive -wotIhr?,, ."o\A \& Cornwall the 
practice soon settled down iato tiia.t ■w'Viiii >sas 'Wea. mww ainigi 
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since, viz., the use of a single cylinder engine with steam at j 
pressure of some 30 lbs. above the atmosphere, and cut offal |th 
or Jth of the stroke. 
" l^ote. — In practice, steam at 30 lbs. pressure means 30 lbs. 
he atmosphere, unless the contrary be expressed. In 
it means 30 lbs. actual or absolute pressure, gi\ing an 
^-e pressure of rs lbs. approximately. 

1. Itis nowworth while toapply our conclusions as lo Uie effici- 
ency of a Iieat engine to the case of expansive working, under Watt 
b tiie first instance, and afterwards under Woolf or Trevethick. 

Watt used steam at atmospheric pressure and condensed at a 
temperature of 100° F. He expanded it (say) four limes. 

At that time there was no numerical measure of the conversion 
of heat into work, and the idea of regarding the higher temperature 
of denser steam as entering at all into the question of its economy 
as an agent was not entertained by any engineers. It was enough 
to be satisfied that additional work was obtained from the steam 
before it was thrown away. 

Theoretically, in a heat engine, the working substance sJioulil 
expand from the temperature of the source of heat to that of the 
refrigerator, in this case the condenser, That would require, for 
steam falling from zra" F. to 100° F. an expansion to about fifteen 
times the original volume, which of course was impracticable. 

Taking that expansion as accomplished, we should have 
r = 912 + 460 = 672, and / = too + 460 = 560, 

.■. greatest work possible ^ jh - — ^ jh x . i r; 

2. Taking a Woolf s engine working witli steam at 45 lbs, actual 
pressure, />. at a temperature of 274° F., and condensing at 100° F., 
as before. The expansion should now go on to about 45 times, 
and if that were possible we should have 

work done = m f 1^*— S_? ) = jh x * nearlv . . . f--) 

\ 734 V 17 

Referring to Chapter V., we find that with ordinary coal j n 

represents a consumption of j-lb. of coalper H.P. pethoM-.h^nte 

the above resists are (i) i^ lbs. of coal per H.P. pei ■how -, a.\ii. 

f^) ij^lbs. of coal per H.P. per hour. 
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These examples show unmistakably that theorj- soon leanm ' 
practice far behind. They are insetted solely with the intention ol 
exhibiting the subject from a modern point of view. 
I After reviewing the theory of heat engines it must appear to 

be a remarkable thing that the progress in the use of high -pressure 
steam with expansive working and condensation should have gone 
on so slowly. 

In the year 1817 marine engines were worked at a pressure 3 
to 5 lbs. above the atmosphere. In that year an engineer giving 
evidence before a Select Committee on Steamboats took it for 
granted that cylindrical boilers would not be used in steamboats, 
because, as he put it, the most convenient form of the boiler was 
one adapted to the shape of the boat, and the safety depended 
upon the strength of the metal and not upon the form. The 
committee had been appointed in consequence of the explosion 
of a boiler using high-pressure steam on board a vessel al 
Yarmouth ; the boiler was cylindrical, with a flat cast-iron end, 
which gave way. Other engineers who were examined were of 
opinion that the steam-pressure in a boiler should not exceed 6 lbs. 
above the atmosphere, and further, that there was no saving to be 
effected by employing a higher pressure. 

When screw ships were adopted in the navy, one of the first of 
the new series of vessels, the ' Arrogant,' was designed to work at 
6 lbs. steam pressure ; but the ship was deep in the water, and 
the boiler would not blow off under 7 lbs. It appears that 
Mr. Penn soon went to 10 lbs. and tlien to 14 lbs. But boilers 
for 14 lbs. nominal pressure were capable of supporting zo lbs., 
and the usual average of pressure came to be about r6 to 17 lbs. 

Within the last 15 years, however, a great change has occurred 
in the construction of marine engines, and it is shown from the 
tabulated results furnished by Mr. Bramwell in a paper on the pro- 
gress effected in economy of fuel in steam navigation, which is 
particularly referred to in Chapter VII., that the advantage of using 
steam at a high pressure, with an early cut-off, and as perfect con- 
densation as can bo obtained, is now thoroughly recognised. Mr. 
Bramwell gives the experience of 19 engines of ocean steamers, 
with high and low pressure cylinders, working at a steam pressure 
of from 45 to 60 pounds in the boiler with a consumpticn of coal 
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pff tain ly Jess than one half that which commonly prevailed in the 
Jays of single cyliader engines with low-pressure steam and veiy 
ttoderate expansion. In like manner the practice with stationary 
les has improved, so that it is common to hear of engines 
•nth compound cylinders using steam at 70 to 80 lbs. pressure, 
and consuming ^ or ^ less coal than was formerly required for ob- 
taining the same amount of work. ■ 

ON AIR EKGINES WORKING WITH A RECESERATOR. ^ 

63. Having investigated the conditions under which an ideal 
he&t engine exhibits the greatest efficiency, whereof one is that all 
ges in temperature of the enclosed air shall be caused 
tolely by compression or expansion, we may remark that, in the 
present state of knowledge, no method has been proposed whereby 
the conclusions of theory can be successfijlly carried out, the 
mous dimensions which the cylinders would assume presenting 
insuperable difficulties. 

But although the practical obstacles which stand in the way 
cannot be overcome, they may be evaded by a method which per- 
of a deposition and a taking up of heat witliin the interior of 
the engine itself, so that none is lost, the result obtained being 
much better than would probably liave been anticipated. 

The artifice consists in the use of a so-called regenerator {said 
to have been invented by the Rev. R. Stirling), which is an 
apparatus employed in various forms, and which was described by 
J. & R. Stirling in the specification of a patent (a.d. 1827, No. 
5^456), for improvements in air engines for working machinery. 

The principle of a regenerator is perhaps most readily exhibited 

by the safety-lamp of Sir H. Davy. It is well known that if a 

I piece of wire gauze be brought down upon the flame of a candle 

, the flame will be cut off at the part where it touches the gauze. 

I The explanation is that the meshes of the metal wire have robbed 

I the gases of so much heat as to lower their temperature below the 

point at which ignition is possible. They are not otherwise 

affected, and may be at once rekindled on presenting a flame at the 

upper surface of the gauze. 

In its earliest form the Davy lamp was an ordinary [am^. 
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having the flame encased in a cylindrical covered chimney of wiie ■ 
gauze. By multiplication of the layers the effect is heightened, and 
we arrive at a respirator for filtering out heat from a warm cunent 
of air, and heating up a cuirent of colder air sent through in tiii; 
opposite direction. 

The principle here set forth has also been applied in the 
constraction of furnaces, where a regenerator is composed of a 
number of open fire-bricks, exposing a large surface for the 
absor])tion of heat. In such a case the products of combustion 
from the furnace gradually deposit their heat before escaping into 
the chimney, and the end of the regenerator nearest to the furnace 
reaches a very high temperature, while the chimney end remain£ 
comparatively cool. The dhection of the draught is now tt- 
versed, and the air for supplying combustion in the furnace is 
drawn through the heated regenerator, while the waste gases are 
led into a second cool regenerator, in order to yield up their heal 
in the manner already described. By alternating the current 
between the two regenerators a great saving of fuel is effected, for 
the furnace is supplied with heated air, and the escaping gases 
deposit a large amount of heat, which is carried back to die fiiel 
instead of being wasted. 

The regenerator of a Stu-ling engine was intended to raise and 
lower very rapidly the temperature of a mass of air, and the 
substance employed for the purpose was the thinnest sheet-iron. 
The area of surface exposed was very large, amounring to as much 
as 3,ioo square feet in an air engine of 45 horse power. A 
number of strips of sheet-iron, each 38 inches long and i J inches 
broad, and of a diickness of -^ inch, were arranged side by side al 
intervals of -^ inch. The narrow passages between the strips 
formed channels through which the air passed in alternate direc- 
tions. If a regenerator were formed of sheets of wire gauze 
placed parallel to each other and separated by non-coaducring 
material, it would be easy to conceive that each plate might 
preserve its proper temperature, but where the air passed through 
continuous metal channels it might be thought difficult to maint^ 
one end hot while the other was cold. With one engine making 
about 30 strokes per nunute, k d\d iiqi. a^«ai tWt the loss by 
conduction was serious, but the spec&cattoa o^ a. ^Ktoswi^K*. 
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Iftfcnt of 1840 (No. 8,652) for an improved air engine described 
te plates as divided into four or more portions, the object being 
'to dxEninish their effect in conducting heat from the hot to the 
oold part of the plate-box.' 
B 64. Two engines have been constructed on Stirling's principle, 
> and have worked with considerable success. The first had a 
.- cylinder 12 inches in diameter, with a 2 feet stroke, making 40 
I revolutions per minute, and giving out 21 H.P. The consump- 
\ &m of coal was 7,\ lbs. per H.P. per hour. Subsequently an 
o^ne of 45 ILP. was set up at the Dundee Foundry, and drove 
an the machinery of the works for a period of three years. The 
cjfinder was 16 inches in diameter, with a 4 feet stroke, and 
^ nimiber of revolutions was about 28 per minute. The heating 
vessels, however, caused so much difficulty that the mediod was 
given up. 

DESCRIPTION OF STIRLING'S AIR ENGINE. 

65. Stirling's engine is supplied with compressed air; that is 
an essential condition, for otherwise the power developed would 
be insufficient to move the working parts. In one example the 
pressure of the air varied from 160 lbs. to 240 lbs. per sq* inch, 
the temperature rising to 650° F. on one side of the regenerator, 
and falling to 160° F. on the other side. 

The appearance of the engine is that of an ordinary steam 
engine, the usual steam cylinder being converted into an air 
cylinder. Two cylindrical air vessels are connected with the 
working cylinder, one at each end thereof, and they perform the 
double office of a slide valve and boiler. They are of considerable 
size, being more than five times as large as the working cylinder ; 
and it is stated that f of each air vessel is occupied by its plunger, 
which is a hollow vessel, also cylindrical, turned so as to fit the 
interior of the air vessel quite closely, but without friction, and 
having a quantity of brickdust or other slow conductor of heat at 
its base. 

The drawing shows a section of the air vessel a b, with its 
plunger k H ; both are formed of cast iron, and the object is to 
obtain a very dose fit between the plunger and the CY\\Tidi\c»i 

H 
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casing, so as to prevent as far as possible any leakage of air aloi^ 
its sides. The bottom of the plunger is lined with brlckdust, andl 
a pipe leads Icoiii the space k b to a box e f, containing 4e 
regenerator. Two-thirds of tiiis box 
is filled with plates of sheet-iron, and 
the remainder is filled with a number ol 
cop])er pipes \ inch interna! diameter, 
and ^Jy inch thick, through which cold 
water circulates. The pipes are at a 
distance of -^ inch apart, and form a 
refrigerator for removing any heal 
which has not been previously ex- 
tracted by the cold end of the re- 
generator. Any empty space rouiul 
the pipes may be filled with blocks of 
iron or brass. The plate bos ter- 
minates in an open pipe e m leading 
to the working cylinder. A fire is 
kept burning under the bottom of the 
air vessel, which is of increased thick- 
ness at the base. There is a compress- 
ing pump for supplying any waste of air by leakage, the usual 
pressure of the enclosed cold air being ten atmospheres. 

When the plunger is raised it sends a quantity of air from the 
top of the air-vessei through the regenerator into the space k B. 
The air in K B is heated not only by passing through the hot end 
of the regenerator, which is at its base, but also by the heat of 
the fire ; its pressure rises, and it expands so as to produce an in- 
creased pressure along the passage r, which is at once felt upon 
one side of tlie piston in the working cylinder. On the otherside 
of this piston is a second similar air-vessel, with its plunger de* 
pressed, whereby healed air has been forced through the re- 
generator into the space corresponding to a h, and has been 
cooled to a lower temperature and pressure, thereby causing 
the pressure on its side of the piston to fall, and the result is that 
we have air at, say, 240 lbs. pressure on one side of the piston, but 
at 150 ibs. pressure on the other side, and that there is an ample 
amount of working power. The peculiarity of the engine is 




Fig, 34. 
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that the enclosed mass of compressed air is divided into two 
&tinct portions, a and b, which are in some sense separate, 
although an open passage leads always from one to the other. 

The mass of air a fills the air vessel and passes to and 
fro through the regenerator. It is heated and cooled alternately, 
and the changes in its temperature give rise to the work done. 
The mass of air b is in contact with the piston of the engine ; 
and since b and a open freely to each other, the pressiure of the 
mass B rises or falls with the pressure of the mass a. But that is 
all, for 6 is a mere carrier of pressure to the piston of the engine, 
and its temperature is comparatively imaffected. 

As to the mechanism of the engine, that is the same as for an 
ordinary steam engine. The only point to be noticed is that the 
plungers of the two air vessels are first worked by hand, in the 
same manner as the valves of a steam engine, and that after the 
engine is fairly started the motion is continued by an eccentric on 
the fly-wheel shaft 

66. It may be useful to give the type of the diagram of energy 
in Stirling's engine, although the subject demands much more 
space than is available in order to examine it thoroughly. Starting 
fixwn the point s, with a mass of air at volume ^ 
o M, and pressure s m, and remembering 
that we are not now dealing with the 
working cylinder — for the primary effect is 
modified by the cushion of air, so that the 
diagram in the cylinder would be some- 
what as if that now to be exhibited were 

drawn on an elastic sheet of indiarubbe ^ m n ^ 

and pulled out at two opposite comers — we Fig. 35. 

proceed as follows : — 

1. The air takes up heat in passing through the regenerator, 
and its pressure rises to p m. 

2. The air expands along the isothermal curve p q, for the loss 
of heat in doing work is at once repaired. 

3. The air deposits heat in the regenerator, and its pressure falls 

from Q N to R N. 

4. The air is compressed along the isothermal curve r s, for 
the heat given out in compression is at once absorbed. 

H St 
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The shaded area p q r s is the diagram of energy, and we 
that by the artifice employed the engine works approxinul 
according to the figure given above, but only approximately, ft 
the heating or cooling does not talce place exactly at a 
volume, and does not affect more than a poition of the enclosed 
ail, nor do the expansion and compression occur exactly 
stant temperatures. 

It does not appear that a heated air engine with a regenerator 
has ever taken root, but the principle is established, and accordingly 
the reversible quality of such an engine has been successfullj 
applied to that which is somewhat misnamed by its advocates, 
the so-called ' mechanical production of cold.' 

67. In a reversed Stirling's engine the working cylinder k 
converted into a pump driven by external force, and the coo! end 
of each air vessel receives a substance from which heat is 
abstracted. Referring to fig. 35 we find that— 

1. The air is compressed through q p, and its temperatine 
rises. 

2. Heat is then abstracted by a refrigerator cooled by a cur- 
rent of cold water, and further by a regenerator, the pressure 
falling to s m. 

3. The air expands through s r doing ivork, losing temperatore, 
and taking up heat from the substance to be cooled. 

4. It is passed through the regenerator, becoming warmed, and 
its pressure rises to q n. 

This cjcle is continued, and at each double stroke of the pump 
a portion of heat is taken from the substances in each air vessel 
which are undergoing the cooling process, and is deposited in the 
regenerator, and this goes on until such a difference of temperature 
is set up between the hot and cold ends of the absorbing surfaces 
that the heat taken away from the substances is continually 
restored by conduction through the material of the regenerator. 

In a working engine it has been found that this result late! 
place at a temperature of 50° to 60° below the zero on At 
Fahrenheit scale. 
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CHAPTER IV. 

ON THE CONVERSION OF MOTION. 

68. Just as it is necessary to know something of the theory of 
leat in order to understand the philosophy of the steam engine, so 
iso it is essential lo pass through some training in the elements of 
be conversion of motion in order to comprehend the mechanism of , 
pe moving parts. We propose in the present chapter to giie a brirf] 
pulline of certain fundamental propositions which will be useful. 

The belief held by the ancients as to the nature of ( 
icular motion was fanciful in conception, and was obviously unten- 
Iftble. It was said that motion in a circle was simple, in the sense 
that it was a primary movement, and not made up by putting 
together other separate movements. We, on the other hand, hold 
that the only case of simple motion is that of a point describing a 
straight line with a uniform velocity. Whenever a point deviates 
from a rectilinear path it is, or maybe, the subject of two in- 
dependent movements in lines at right angles to each other. 
I It is upon this idea that the whole learning of analytical geo- 
petry is built up. If we wish to repre- 
f.tent a curve by means of a relation be- 
itween symbols, called an cquatien ii/ the 
(Birw, we begin by drawing two lines, 
\^^i!,yoy', alright angles to each other, 
tad employing them as lines of refer- 
.CDce. 

For example, let the curve be 3 
circle whose centre is the pomi o. 

Take p, any point in the curve, and 
t^-trpjrjxTpaadica/ar to o x. Let o n 
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Then on* + n p* = o p* ; or a;' + _>>' : 
a relation between a:, _v,i which is satisfied by points situated in 
the circular curve a p, and by none other, and which is there- 
fore called the equation to tlie curve. 1 
The lines x, y are the co-ordinates of the point p, and Ae I 
axes xQx\y oy' are the axes of co-ordinates. Also the signs + 
and — are employed to indicate the position of p in aiiy particular 
quadrant ; thus, if p were situated anywhere in the quadrant 
.V' oy the corresponding values of x and y would both be negarive. 
It is to be observed that when p starts from a and travels 
round the circle, the point n follows this movement and makes an 
excursion from a to b and back again from b to a (see fig. 38). In 
other words, n makes a complete double oscillation in the line ab, 
while p describes the circumference of the circle. 

In like manner if we draw pm perpendicular to oj, we shall 
find that m makes a complete double oscillation in the linej'y, 
while p describes the circumference beginning at a and ending 
there again. And yet there is a marked dissimilarity, as well as a 
resemblance, between the movements of n and m, which should 
now be made clear. 

69. Referring to the drawing, which is sketched from a model 
intended to exhibit simultaneously the motions of the points m 
and N, the framework 
being left out, we have 
a pin p passing through 
the grooved bars R s 
and T V, which overlap 
each other, and are con- 
nected by slender rods 
' sliding between guides. 
Also X and y are small 
balls or index fingers 
S traversing over a gra- 

*^'^' 37- duated scale, and indi- 

cating the movements of the respective bars. As the pin P 
travels round a circular groove a p b e formed in a board, it J5 
apparent that x will osdllate to an4 feo VaVi a motion identical 
m'tb that of w, and that y reproduces live, moNsaerft. cS. -w.. 
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Also everytliing depends on properly liming tlie rectilinear 
movements. In order to describe a circle, x starts from rest when 
y is at the middle of ils swing. This is the essential condition ; 
and it is wonh notice that if the board with a circular grooie be 
replaced by another having a straight line groove inclined at 45° 
to o X, the two balls will start together from rest, and after preserv- 
ing identical movements throughout will come to rest at the same 

itant, the difference bedveen the times of starting giving a circle 

one case and a straight line in the other, 



ANALYSIS OK CIRCULAR 

70. To eipress analytically the relation between the move- 
ments of the points n and v we jiroceed as follows :— 

LetAN=jr, NP=_>', 0P = (I, PON = 0, 

then AN = oA — ON = ii — rtcosO, 

Qi X ■= a(i. — cos (*)... (i) 
whence the position of n is known from 
that of p, 

In comparingthc velocities of the s: 
points it is usual to refer to the cakuluf 



and differentiate, when \> 



dd 




.{2} 



and remembering that velocity of n 

p = a -J-, it is apparent that 

vel. of N ■ g 

vel. of P 

Rquations (1) and (z) contain the whole theory of the subject, 
ihe first defining the law according to which the point n travels 
along A E, and the second indicating the velocity with which it 
moves at any instant. That velocity being vanaWe, \x^ NaX-iE. 
may be most re-idily assigned by a process \n l\ie i\Se.\tWo^ 
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calculus, but it may also be deduced by geotnelrical reasoning, and 
the student would probably be able to solve the problem for hhu- 
seir, now that the answer has been givea 

THE MOTION OF AN INDICATOR PENCIU 

71. The model serves extremely well to exhibit the combina- 
tion of movements which occur in tracing an indicator diagram. 

For this purpose replace the board with a circular groove by 
nnotber having an indicator diagram traced upon it. As the pin 
p travels round the outline 
of the diagram it is ap- 
parent that the index J 
I will rise or fall with the 

\ fluctuations of the steam 

I i\ P pressure, while the ball x 

moves to and fro hori- 
zontally with a motion de- 
rived from that of the piston 
of the engine, though on a 
diminished scale. Watts 
first idea was to observe 
only the motion of y, but the invention was completed by com- 
bining therewith the reciprocation deri\-ed from the piston. The 
model presents an image of this combination of motions in a 
manner which renders it perfectly intelligible. 

THE SUN AND PLANET WHEELS. 

72. The sun and planet wheels, as used in the early rotative 
steam engines, were invented by ^Vatt, and vere employed fol 
converting the reciprocating motion of the «'orking beam of an 
engine into the circular motion of the flj--wheel. They involves 
distinct principle in mechanism, which is applied in the construc- 
tion of some governors of steam engines. 

In a note upon this invention Walt says :— ' Having made my 
reciprocating engines very regular in their movements, I con- 
sidered how to produce rotative motions from them in the best 
manner; and, amidst various scViemes "«vi\d\ were subjected to 
'rial or which passed through my mmd, notvt a.-^'^twci %o %&,■&! 
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iswer the purpose as the application of the crank in the 
per of the common turning lathe.' He goes on to say: — 'I 
leded to make a mode! of my method, which answered my 
CKpcctalions ; but having neglected to take out a patent, the in- 
vention was communicated by a workman emploj'ed to make the 
model to some of the people about Mr. Wasbrough's engine, and 
«. patent was taken out by them for the application of the crank 
to steam engines. In these circumstances I thought it better to 
endeavour to accomplish the same end by other means. Accord- 
ingly, in 1781 I invented and took out a patent for several 
methods of producing rotative motions from reciprocating ones, 
amongst which was the method of sun and planet wheels.' 

It appears that in 1780 a patent (No. 1,263) ^^^ granted to 
I. Pickard, of Birmingham, for a ' new invented method of apply- 
ing steam engines to the turning of wheels.' In the specification 
it is stated that a lever, commonly called 3. cranic, is fixed to the 
shaft or arbor of a great wheel, the pin of the crank being inserted 
into one end of a spear or carrier, the other end of which spear is 
connected by a moving joint with the regulating or gre:it work- 
i beam, and in some cases to the piston, of the fire engine 
This is precisely the mode of connection now ordinarily 

i!he drawing shows Watfs invention as specified in a patent 
1781 {No. 1,306). c B is the working beam, and a b is the 
ar or connecting rod ; e is a wheel fixed upon the end of the 
I shaft or axis p, which receives the rotatory motion which is com- 
municated to it by a second wheel, firmly fixed to a a in such a 
inner that it cannot rotate. Behind e b there is a heavy wlieel, 
i, having a groove or circular channel around its circumference, 
mto which a pin at the back of a enters. The wheels a and e 
are thus kept in gear, and some such precaution is indispensable, 
i but instead of the wheel with the groove and pin the.v n,ay be a 
I link connecting a and f. The constmction having been described, 
Ecification states that in the working of the engine the 
Cting rod pulls the wheel a up and down; and since its 
are locked in the whetl e and it cannot turn uponte Oinv 
it cannot rise or fall without causing E to turn upon 'iv.c ma's 
men die rwo nrheels a and e have equal numbcTS O^ VecftvCtve 
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: makes two revolutions on its axis for each stroke of 



wheel B 
engine. 

In proving this result we shall assume that an imaginaiy . 
connects the centres of the v/heels a and e. 

Let E make x revolutions in one double stroke of the piston; t 
the arm makes one revolution in the same time, and the whei 
remains practically at rest. Therefore e makes j: — i revolud 
relatively to the arm, while a makes O— i relatively to the si 




um ; also E and a are two equal wheels in gear, and consequei 
their relative rotations are equal in amount and opposite in^ 
It follows that 



eu^ 



That IS, the wheel E makes too ievQ\\A\.o^^ -NVAe, \W -uhed i 
::ai7ied once round it. 
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plaining the contrivance Watt makes one most impor- 
ition : — ' And in order that the motion may be more 
t to or upon the sliait or axis f, or to or upon some 
or shaft to which it gives motion, a /uavy wheel et 
:eive or continue the motion comniunicated to it bj- 

movement.' And ftirtlier, that in the cases to whicli 
1 may be applied, ' a flyer or heavy rotative motion 
pphed in order to equalise the motion,' 
ivy wheel or flyer is the _^_v-H/^rflf/ which gives smooth- 
egularity to the motion of the shafting employed foi 

machinery of mills. 

THE CRANK AND CONNECTING ROD. 

pass on to analyse the conversion of circular into 
ig motion by means of a crank and connecting rod. 
: being a lever or bar movable about a centre at one 
nnecting rod may be a bar attached to a sliding piece 
ween guides, as in an ordinary direct acting engine. 
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represent an arm or crank centred at c, and attached 
if the connecting rod p Q with a point q constrained to 
e straight line c D. 

L'locQ, and Ietcp = a, pq = ^, pc a = fl, pqa = *. 
Then cq = cn + nq 

1= a cos + ^ cos ^ ^^^^ 

sm S ^ ^^^H 

whence cos f ^ ^ 1 - J*. sm> H. ^^| 
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.•. CQ = (Tcose + ^/i*-fl'sm'0, 
which gives the relative positions of q and p at any instan:. 
^^p Cot. I. Let = o .-. c D = a + J, 
^^H = R- .*. c E = — a + j, 

^^^H whence de:=cd — CE = a(j. 
^^^H rbe length d e is called the throw of the crank. 
^^^H Cor. 3. If we refer the motion of q to the point d i 

^^^r DQ^CD — CQ^a + i — fl COS B — 6 COS <f, 

or D Q = ti {l — COS fl) + i (l — COS ?>). 

This result might have been predicted beforehand, for it t 
evident that the circular motionofp romid the fixed point C c 
Q through a space a (i — cos d), and that in the same time I 
describing a circular patii round ihe moving point q, whereby,.' 
after completing the arc ^ ip, it superadds the space i (i — cos 9). 
In other words, the circular motion of p round c gives rise to tM ^ 
ordinary reciprocating motion represented by d ( I — cos 0), while, 
at the same time, the swmging of p q through an angle f superad(ts 
an inequality represented by i (r — cos f). 1 

Cor. 3. As i becomes more nearly equal to a the inequality! 
will rise in importance, and the particular case where d is equal tO 
ff should be noticed. In that case ^ = /. d q = 3 o ( i — cos (i). ' 

Let =— .-. cos U = o, and d q = 2 ir. 

The conclusion is that the inequality becomes so great that 
the motion fails. The point q wou!d move up to c when the 
crank had revolved through 90°, and c p and p q would then 
rotate round c as one piece, the movement of q along d c having 

Cor. 4. The relative velocities of p and q should be in- 
vestigated, because a comparison of their values at any instant will 
afford a comparison also of the pressures doing work at diese 
respective points. 

Let OQ = x, then x^=a + 6 —a cos 6 — 6 cos ■,-, 

...- = . .„a-+.„„,^. ^ 
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74- Hitherto ive have described the piston and pump rods ol 
engine as being suspended by chains from the great working 
im, a state of things which miglit have been tolerable in a 
gle acting engine, but which was an absolute bar to the appli- 
ion of tliis type of engine for driving machinery. The idea of 
: necessity of a beam as part of a steam engine having ap- 
rently been adopted by die first makers of engines, it was, 

Mr, Bramwell has pointed out, extremely difficult to per 
ide ihem to get rid of this particular construction and to set 
work on any other method. 

And indeed one of Watt's first inventions in mechanism, and 
obably that which he regarded with more satisfaction than any 
ier, was a combination of linkivork for enabling tlie piston tu 
t ' both by pushing and by draiving,' as he expressed it, on tht- 
ffldng beam or great lever of an engine. The contrivance is 
scribed in the specification of a patent of 1784 (No. 1,432)10 J. 
Bit, for ' improvements in steam engines.' The patentee states : — 
ly second new improvement on the steam engines consists in 
shods of directing tlie piston rods, the pump rods, and other parts 
these engines, so as to move in perpendicular or odier straight 
right lines without using the great chains and arches commonly 
«d to the working beams of the engines for that purpose, and so 

to enable the engine to act on the working beams or great 
rers, both by pushing and by drawing, or both, itithe asteat scai 
scent of -iheiT pistons. I execute this on three prmc\^\ea. . . - 
ff thJid pnndple, upon which I derive a perpfcu6k.u\ai Qt 
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right-lined motion from a circular or angular motion, coiisisl 
forming certain combinations ol levers moving upon cen 
wherein the deviation from straight lines of the moving en 
some of these levers is compensated by similar deviations, bt 
I apposite directions, of one end of other levers.' 
' The annexed sketch is taken from the original drawinj 
posited in the Patent Office. 

A B is the working beam of the engine, the piston rod or 
pump rod being jointed at p to the rod dd, one end of whi( 
attached to an iron bar, c d, cenirtd on a fixed support at c 




As the beam oscillates the point b describes a circular fl 
the centre a, and the point d describes a like arc on the cent 
'and the convexities of these arcs, lying in opposite direcd 
compensate for each other's variation from a straight line, so 
the point p, at the top of the piston rod, which lies between I 
convexities, ascends or descends in a perpendicular or straight 1 
This is Watt's account of the invention, and for full detail 
I refer the student to practical treatises. At present it may su 
o discuss one or two geometrical propositions which pla< 
a a clearer light. 

75. In order to simplify matters we will examine the 
I where a a = c d. 

Talcing a and c as the centres of motion, and b d the 

xting Jink, we observe that b describes a circular arc witl 

ioRvexity turned to the lighl, and \ti V&.ft TOantiet a ^lesci 

I identical circular arc with its coimcxiVj \»m.eA.Mi fe 
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Some point in B D will describe a straight line, and our object is tc 
find its position. Now b d manifestly begins to shin in the directioL 
of iislergth, and hence the required line will coincide with the normal 
position of B D. It is also evident that the point p, which most 

nearly describes a straight line, must bisect u d ; for the end b is 

describing a circle round a, and the end d is describing a circle 
id C, and it is only at the centre of b o that tlie tendency tn 

describe a curve with a convexity approaching that of the path of 
or can be neutralised by the tendency to describe another 

caive with an equal convexity in the opposite direction, due to its 

'Wuiectioii with the ann c i>, 





Fig. 44. 

I defect of the contrivance is, that when the motion is 

r pushed to an extreme degree, so tiiat the connecting link tends to 

e into a line with either arm, the point p deviates sensibly into 

I a curved path. By carrying b d round as far as it will go we obtain 

[ the figure in the sketch, which is made up of two intersecting 

straight lines (or lines not sensibly deviating therefrom) running 

into curved loops. 

In truth, this is not exact straight line motion at all, and the 
path of P, even where it is apparendy most accurate, only ap- 
proximates to ideal excellence. But it is sufficiently near the 
truth for all practical purposes, and there appears no indication of 
any better or simpler combination for producing the same result. 
An exact straight line motion has, indeed, been discovered, and 
will be discussed presently, but it requires sevtn bais \Ti5,teaA o\ 
three onlv lor producing the motioii in its mot slim^ Ktvi 
eJetaentary fonn. 
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In practice the beam of an engine seldom swings tlinmgh an 
angle of more than 20° on each side of the horizontal line, and ' 
within that limit the deviation of the so-called parallel point » | 
from a true rectilinear path is quite inconsiderable, as may readily 
be shown by analysis or verified by construction. Before entering I 
upon a technical demonstration it! 
may be useful to refer the student to I 
fig- 45i which is intended to conficm ' 
the correctness of the previous reason- 
ing, by showing the manner in which 
the first regular looped diagram is 
distorted and affected by placing the 
pencil at the point p tmduly near to 
the extremity d. The influence of 
the curvature which attaches to llie 
path of D is now quite apparent, and a like distortion in the op- 
|)osite direction would occur if the describing point were carried 
towards b. 

76. In like manner, if a is and CD are unequal, ab bang 
greater than c d, the path of the point p will, if in the centre of 
BD, be unduly affected by the increased convexity due to its con- 
nection with the shorter arm ; and in order to escape from this 
effect it will be necessary to move p away from d, and to bring il 
nearer to a b. 

It is pretty clear, since we are dealing with circular arcs, that 
the point p must now approach b in a proportion identical with 
that given by comparing a b with c d, or that we should have 




ds AB 
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It is easy to construct models and to verify the principle of 
Watt's parallel motion, when it will be found that the point p rausi 
be kept away from the shorter arm. 

The analj^ical proof is the following : — 
Refer now to fig. 46, and suppose the rods to be mOTed 
from the position abdc into another position, a ii/c Draw 
^ m, ii n perpendicular to ab, cq, Tes^tt'mcVjiMid let p-be the 
point in B D which most nearly desc"n\ies a. sMaiigcAXme. 
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Let AB =r, 3p = or, ba3 = H. 

CD = J", Pi/=s^, DCi/= ^ 

^e shall suppose in what follows that the motion of a b and c d 
restricted within narrow limits, and shall deal approximately with 
or equations by substituting for the sine of an angle the corre 
pondiDg value of its circular measure : — 

Thenf = 4^ = «-^ 
y tfP j>n 

r (i — cos 0) 

^ (i — cos 0) 

2 sm* - 







2 
= ^^.uearly P,^^ ^^ 

Bat the link itself begins to move in the direction of its length, 
hereby, as a first approximation, its angular motion may be dis- 
iqjarded, in which case bm = dn, or rO=ss<p nearly. 

• • ~~ ^^ *"" ^ "■ - — — 
Jf s r* r 

Pa AB 

that is, the point p divides b d into two parts, which are inversely 
as the lengths of the nearest radius rods. 

Cor. I. If A B and c d are so placed that their centres both lie 
<m the same side of b, it will be found that p lies in b d produced, 
tot we shall still have bp:dp::cd:ab. 

Cor. 2. If it be desired to calculate the amount of deviation of 
tkc path of p from the normal direction of db we shall con- 
Aoe the investigation to the case where a b = c d. 

Let D B move into the position bd hy shifting vertically and 
lotating through an angle a. 

Then deviation of p = ^^"^'^ 

2 

9S. _ (cos — cos 0) . . . (l; 
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^^H Also let B D = /, then / + m 1^ = / co^ a + n n fl 

^H or / + r sin » = / cos « 4- r- sin <p H 

^^H .'. r sin Q = r sin <> + /(i — cos ci) . . . (i)H 

^^^L Again, /a = Bm + Dn ver}- nearly H 

^■^ =r(i-cose) + --(r_cos*) ■ 

^r ■ = 2 r (i - cos fl) nearly. T 

.-.„ = -(•— ^«>' 
By substituting this value of a in equation (2) we can detl 
with considerable accuracy, and calculate the required devi 
of P. 

Ex. — Let e = -, and assume r = j =: 50 in., / = 30 in, 

-■- " = V {■0603074) = -2010247. H 

Or ri represents an angle of 11° 31', ^| 

.-. sin «, = sin 2o + ? (. - cos 1 1» 31') fl 

= -3420201 + % (-0201333) ■ 

= ■35410OI- ■ 

.'. f represents an angle of 20° 44' nearly. ^| 

Hence deviation of p = "j" (cos 20 — cos 20° 4^^| 

= zs (■0044544) ^f 

= y'(r inch approximately. ■ 

It may be shown tliat this amount of deviation is again cap 

of reduction, if we cause the centres of motion, a and C, to 

proach each other by shifting tliem horizontally through si 

• spaces, the angles abd and cdb being thus rendered e« 
little less than a right angle. This is a well-known aitifica 

SCOTT Russell's straight line motion 

77. Another straight line motion has been suggested 
-Mr. Scolt Russell as applicable in the conversion of reciproca 
into circular motion in the case of steam engines. We propof 
discuss it, not on account of its utility, for there would prob 
be some difficulty in finding an example in a working engine, 
hecznss it forms a step in the -pto^esswt ?^■ilJ,^ which carry v 
(Ae corrvp\clf solution of the pioUem oi iiOTra;%a.'a-niv^^-fe 
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tSome veiy useful combinations in mechanism may be derived 
n propositions in Euclid by simply arranging a diagram model 
\ movable joints. 
r For example, the angle in a semicircle is a right angle. 
Taking this proposition, let bad be a right angle, bd a rod 

the diameter of a . circle 
IAD whose centre is q and jointed 
A by a link a a 

If tiie end b be constrained to 
in the horizontal line a e the 
D will traverse the vertical 
af, in virtue of the property 
the angle in a semicircle is a 
angle. 
In this way a straight line motion 
obtained, but it is not exact, being 
ly a copy of the truth of the line ^'^- 47« 

Ai. In practice a e would be the surface of a so-called ' true 
ifhne,' upon which b would slide, and the truth of the line f d 
Iffould be the same and no greater than that of the approximate 
phne. Mr. Scott Russell's idea was to connect the end of the 
|»ton rod with the point d, and to adapt this construction to any 
gi?en engine. 

^ 78. The previous proposition has commended itself also to 
|A inventor, J. Booth, who took out a patent in 1843 (^o. 9,824) 
Ava 'means of converting rectilinear into rotatory motion or the 




Since the point a is fixed and a c remains constant, it follows 
Alt the centre, c, of the given circle will itself describe another 
equal circle round the point a. Whence, if f h, e k be two rect- 
l^golar grooves, divided at a, and the ends of the bar b d be pro- 
dded with pins running in the grooves, the rotation of c a will 
cnse D to slide up and down in f h, while b slides to and fro 

doogsK. 

In like maimer if the end of a piston rod moving in a vertical 
Qflinder be connected with d, and there be a flywheel to carry 
me oank c a over the dead points, we should have a combination 
capable of iq;yplication to a steam engine. 

f 9 
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Recurring now to Art 73, Cor. 3, we can extricate the 

It from the faiiuie theie pointed out, and shall obi 
singular result that the throw of the crank becomes doubli 

As before, let the point b move to and fro in the lice 
instead of working with a crank A c and a connecting 
produce the connecting rod b c to the point d, making c 
Then attach a pin at the end d and supply two vertical gr 
the line H F, leaving a break about the centre, a. 

If now we rotate the crank c a round the centre of n: 
it will be found that b oscillates through a space equal to 2 
that the throw of the crank is 4 a C There is a model 
this result in the collection of apparatus belonging to thf 
of Mines. 
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79. A modified form of Mr. Scott Russell's arrangen 
carried out many years ago in the marine engines of 
named the ' Gorgon,' and may be met ivith in an analogo 
in small engines, which are convenient in the workshop, 
known as ^ grasshopper ej\^t%.' The device has been to 
the slide on which B moves by a lever centred at some 
below it, whereby b describes the small arc of a circle ' 
approximately a straight line. 

Here the point f is attached to the end of the piston 



\ 




A and O are fixed centres of moUoiv, and a U connected * 
the arm o B. We will taVe l.\ie taae ■N\vftii e? mv4 t-a a: 



m 




-1 


^Pl \Jrassluipper Endues. 


ii; 




WCR X'ABaDdcv J.'FL, which latter line 


is the direc- 




flie piston rod. 






Let AC = 0, CB=a:, CAE = 0, 






CF = i, CBA = *. 






Then K-R = a co% ^ = a (i — -\ nearly, 






"■='-»='(--?) " 






.■..:._,-*-ii' + 'jL' 







: A L = fl — h, since f descrilios the line l f, .", — = -* 

• Also ^ = J!^ = J nearly, 

.".a X i** = 3 a', or a:' = a i, 

determines the position of the point b, when the motion is 
tly performed. 

a grasshopper engine b f is tlie working beam, and s o is a 
ing pillar at one end ; the piston rod is attached at f, and 
mnecting rod is jointed at a point intermediate between c and 
he great advantage, besides compactness of form, is that the 

and the resistance act on the same side of the fulcrum of the 
ig beam, and that the friction thereon is correspondingly 
;d. It is an objection to an ordinary beam engine that the 

and the resistance act on opposite sides of the fulcrum, 
by tlie resultant pressure influencing friction is the sum of 
forces, instead ot being only their diflerence ; or, to state the 
r diflerently, in one case the beam is a lever of the second 

ID the other case it is a lever of the first order. 

PEAUCELLIEIt'S EXACT STRAIGHT LINE MOTION. 

. The important discovery of the method of drawing a 
It line by a combination of bars jointed together, and some 
,ch are movable upon fixed centres, was first made ^\M\t 
ymir J864 by M. PeauceUier, an officer of Engmcera Vn &e 
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The combination consists of seven bars, as in £ig. 4* 
c R = c Sy c being a fixed centre of motion ; £ d = ^ d c 




Fig. 49. 

E being a fixed centre of motion ; and fr = rd = ds 
whole of the respective bars being so jointed at their 
permit perfect freedom of motion in the plane of the pa 

If the system be moved within the limits possible I 
struction the diamond-shaped figure f r d s will op< 
dose up, the points r and s will describe circles about 
point D will describe a circle, which, if completed, 'w 
through the point c, but f will describe an exact straigh 

To prove this we refer to fig. 50, where the bars 
moved upwards, one half of the combination being h 
greater simplicity in the diagram. 




Fig. 50. 
Join c p and produce it to q, and draw r n J.' p q. 

Let CR = r, PR = 3, PN = NQ = ^, NR = J'. 

Then ^ =y + (^ + c p)* 

•\ ^ — b^ = C P^ + 2X X c P 



Peauceliier's Invention, JI9 

When the rods are in the normal position, as shown in fig. 4g, 
Q be at the point f. Join f q and p d. 
Then by parity of reasoning we have 



■. cd:cp"cq:cf, 






Hence in the triangles c q f, c d p there is one angle comnitin 
each, viz., the angle Q c F, and the sides about tliis common angle 
i proportional ; tlierefore the triangles are equiangular and the 
igle c p t) =s angle q f c (Euclid, book vL prop. 6). 

But c p D is die angle in a semicircle, and is therefore a. right I 
igle ; hence Q f is J,' c r, and q lies ^ilways in a straight line I 
lough F, which is at right angles to c 1. 

Hence the point q moves in a straight line. 

81. It is universally admitted among scientific men that this \s, 
tiiscovery of the highest value as a contribution to the science 
igeometry, and the student will do well to examine it carefully in 
Stall. For this purpose he should take the combination when 
ifettered by the bar d e, and should establish by trial the relation 
the sides, viz. r — 



It is usual to call the figure f r d s a cell, the points d and f 
eing the poks of the cell, and the arm e d being introduced 
imply to control the motion. 
Thus, if tlie pole D describes a circle of any given radius round 
point in the direction of d c, the pole f must of necessity 
ibe another circle whose centre lies also in the same line — it 
that these fragments of circles have their convexities in the 
in- opposite directions. All that is a matter for trial or 
And again, the relative sizes of the circles will vary, so 
imes possible to draw an arc of a circle of almost any 
radius. j 

i«ase in the text is where these two circular arc^ \ 
>-exist when e d is centred at sonve ■^WiV 
that line produced, are so related tViat X\\e ii,ii\w» rS. 
becomes infinite. 
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DUPLICATE STRAIGHT LI^-E MOTIOHS. 

82. In the application of Watt's parallel motion to the stcan. 
etigine it became necessary to provide for two parallel points, m 
they were called, one for the attachment of the piston rod to the 
beam, acd the other at the end of the air-pump rod. 

Watt solved this problem in an admirable manner by in- 
corporating into his combination a jointed parallelogram, whid) 
gave a means of obtaining two, three, or any number of poinis 
severally describing straight lines. 

In order to understand the contrivance we require in the fiisi 
instance to know when two curves are similar, and in a treatise 
on Newton's ' Principia ' the test of similarity is stated ^s follows:— 

'Two curves are similar when there can be drawn in themt«o 
distances from two points similarly situated, such that if any two 
other distances be drawn equally inclined to the former :he four 
are proportional.' 

We come now to another example of the value of a movable 
geometrical figure. 

Let B D F E be a jointed parallelogram with any given sides. 



Produce 



lengths and taki 
centre of motion. Draw any line 
A p Q, through A, as shown, meeting 
E F in Q and b d in p. It will be 
found that p and ij describe similar 
curves. This is evident, for 
ap:aq = ab:ae, 
and if n and e originally occupied 
the positions h and k we have also 



and A p, A Q both make the same, 
angle with a k, whence p and q always fulfil Newton's condition 
of similarity. 

Cor. If p describes a straight line q must do the sanie. 

Not€. The jointed parallelogram appears also as a very useful 

drawing instrument, called a pantograph, and employed for pio- 

ducing enlaiged or reduced copies Dt-^\M\s ot drawings, FortiiB 

purpose a centre is fixed at a, and ■jencA^ ai&'vp,5ettfc\^\.-e ^i^* 
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To recur to the parallel motion of a beam engine. It is a 

common construction to make the arms a b, c d equal to each 

other, A being the centre of the working beam, and c bemg 

a fixed point for the attachment of the 

rod CD. In such a case the end of the 

air-pump rod is jointed to the middle of ^ 

B D, and the parallelogram d f is added 

by taking b f = a b, the end of the piston 
rod being jointed at the angle e. 

If c D be not equal to a b, it will be 
necessary to find b f by calculation, in 
Older that the second parallel point may 
lie at the vertex, e. 

Thus, let A B = r, c D = ^, B F = .r. 




Fig. 52. 



X DP r 

Then — = — = — by property of the parallel motion ; 



.••a: = 



DP 
PB 



Hence the complete arrangement consists of two distinct 
portions incorporated together in the manner pointed out 

The same construction is directly applicable to Peaucellier's 
straight line motion. 

Taking the ordinary combination, produce the lines c R, c s to 
the points h, l, making c h = c l, and add two bars, h t, l t, of 




Fig. 53. 

•uch length that they are respectively parallel to R p and s p. This 
parallelism must necessarily continue throughout the motion, and 
it follows that if p Q were drawn parallel to h r we should have 
an actual pantograph connecting p and t, just as Watt made it 
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Hence p and x must describe similar paths, which in this case .ire 
straight lines. 

• For a compound cylinder beam engine, that is, an engine 
having two steam cylinders placed side by side under the same 
working beam, it is necessary to provide that three points shall 
respectively describe straight lines. The arrangement for effectiDg 
this object will be understood from Eg. 54. 

The line af represents one-half of the working beam, the 
centre of motion being at a. There is also the primary combina- 
tion of two equal arms a b, c d, with the connecting link b d, and 
the guiding parallel point is at r, the middle point of b d. 




Fig. 54. 

The parallelogram f b d p is the added portion, constituting the 
pantograph ; and tlie lengths of the respective lines being so chosen 
that A R, when produced, meets f p at the angular point p, it fol- 
lows that p also describes a straight line. Also if any interme- 
diate jointed bar, such as h l, be interposed between b and f, 
so as to be parallel to b d or f p, it is apparent that the point Q, 
where h l is intersected by a r, will fall under the same geo- 
metrical conditions as the point p, and will describe a straight line 
similar to the path of p^ 
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CHAPTER. V. 

THE INDICATOR, AND DETAILS OF CONSTRUCTION. 

83, In every branch of science our knowledge increases as 
the power of measurement becomes improved ; and we have now 
to discuss, in the first instance, the measuring instrument pecu- 
liarly appropriated to the steam engine, viz., the indicator invented 
by Watt The student must thoroughly understand the reading oi 
an indicator diagram before he can appreciate the reasons for the 
various methods of construction adopted with reference to 
of the working parts of an engine. 

We begin with a few observations as to the mode of estimatinjj, 
work which is adopted in this country. 

THE HORSE-POWER AND DUTY OF A STEAM-ENGINE. 

84. Work is done by a force when some resistance is over- 
Come, whereby the point of application of the force is conrinually 
moved, notwithstanding ihe resistance. 

The most simple case is where the force is constant and the 
direction of motion is in the line of direction of the force. The 
irark done will thus be expressed by the product of the force, or 
resistance, into the space described. 

Dejinilum.—Tht unit of work is the work done in lifting one 
pound through a height of one foot, and is called 3.fooi-pou7id. 

The number of units of work performed in a given time, say 
one minute, is a measure of the efficiency of the agent employed. 

Watt estimated the work of a horse for one minute at 33,000 
foot-pounds, and this estimate is adopted by universal consent, 
though it is too large. For estimating the work. \:ie'rto-TO\?.>i \i^ a 
<assm-engine the standard of measurement is tecW\ea\\\ \e.'uae,\ a. 
Wsir-^ffo'c'r, and is 3,3,000 Ibot-pounds. An eTi?,me -wVivi^ '^aissfta 
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33,000 pounds through one foot in one minute is said to exert 
one horse-power, and its rate of doing work is determined. 

Wlien an engine is at work for a length of time it has been 
customary to estimate its performance by a still larger standard. 
Thus the term duly is applied to indicate the number of mUlioni 
of pounds raised through a height of one foot by the burning of 
one bushel of coal. 

In Cornwall a bushel of coal weighs 94 lbs,, whereas in New- 
castle it weighs 84 lbs. Hence, for the sake of uniformity, the 
measure has been altered by substituting ' one hundred and twelve 
pounds ' for ' one bushel ' of coaL 

But this measure, though suitable for estimating the work 
done by pumping engines, is not convenient for other purposes, 
and it has become the practice to estimate the performance of an 
engine bj' ascertaining the number of pounds of coal burnt per 
hour for each horse-power at which the engine is working. This 
gives a useful measure in small numbers, easily remembered. 

It has been a common performance with steam engines to 
bum 4 lbs. of coal per horse-power per hour ; and in order to form 
an idea of the numbers which would probably be met with, we 
deduce the duty of such an engine as follows : — 

Ex. — Let the duty be estimated by the burning of r la lbs. of 
coal. Then 4 lbs. does the work represented by 60 X 33,000, 
or 1, 980,000 foot-pounds per hour. Therefore ri2 lbs, does 
the work represented by 1,980,000 x 28 foot-pounds, 
or duty of engine ^ 28 x 1,980,000 ft-lbs. 
= 55,440,000 ft.-lbs. 

This being so, it follows that the duty of an engine whidi 
burns i lb. of coal per H.P. per hour is four times as great, or is 
represented by about 222 millions of foot-pounds. 

85. The progress made in the economy of fuel by successive 
improvements in the steam engine may be readily traced by com- 
parison of the number of pounds of coal burnt per H.P. per hout 
Thus, in Smeaton's early engines on Newcomen's principle the 
consumption was 2976 lbs. of coal per H.P. per hour. In his lata 
engines it was improved to 17 '6 lbs. 

The reported duty of ComisH ^uto'^oi?, en^«. \«a shovns 
consumption 0/ 10-87 lbs. in the^eM \?.ti, vTj,\\ft,\n\%\-i,«t 
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' of ■•90 lbs. in 1S72. It is said ihaC Watt began with 8-3 lbs. and 
went on to 27 lbs. 

As already stated, before the year 1863 the average consump- 
tion of coal in the best marine engines was 4^ lbs. per H.P. pet 
hour. In the year 1872 it appeared, from a comparison of nine- 
teen ocean steamers, that the consumption had been reduced to as 
average of 2'i i lbs., being a saving of 50 per cent 

Here we may notice the theoretical capability which engineer? 
sometimes attribute to fuel. Thus, in commenting on tlie pre- 
vailing waste of coal, Mr. Siemens (1872) has remarked: — 

' One pound of ordinary coal develops in its combustion 
12,000'' (Fahr.) units of heat, which, in their turn, represent 
11,000x772 ft.-lbs. of work {9,264,000 fL-lbs.), and these repre- 
sent a consumption of barely ^ lb. of coal per indicated horse- 
power per hour ; whereas few engines produce an indicated horse- 
power with less than ten times that expenditure, or say 2^ lbs. of 
tajaL' 

The estimate of ^ lb. of coal per H.P. per hour may be arrived 

at as follows : — Since "'' 4'°°° = 2807, it appears that the per- 
33,000 " fi- ^ 

foimance would be to that of an engine burning 1 lb. of coal per 

H.P. per hour as 2807 ; 60, which is somewhat greater than 4 to i. 

We have seen in the third chapter the true meaning wliich is 
to be attached to such observations. A pound of coal can only 
do work by the operation of a heat engine, its function being to 
store up heat in a gas which does work by expanding between 
two given temperatures. 

Let the pound of coal supply without any loss steam at 300 lbs. 
pressure to a perfect engine where the condenser is at a tempera- 
ture of looT. The temperature of the steam will be 4i7°F, 

___J„___JH-^J 

Now, JH represents -,— HP. for i lb. of coal. * j k re- 
presents 17 H.P. for 1 lb. of coaL Also 2^ lbs. of coal for i H.P. 
is the same as i lb. of coal for - H.P. Hence Xhe com-^aivsmv 
^es between I lb. of coal for 17 H.P.,aiid i lb. oi coaYidi ■i^'ft-'S- 
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which numbers are as 17:4, being a little more than 4 to 1 
stead of 10 to 1. 

In truth, we begin by tlirowing away 1- of the whole \ 

which passes into the condenser and is lost; and indeed w( 
constrained to work between temperatures which lie within m 
rate limits of difference, for which reason it becomes hopi 
to refer to the whole heat as a standard. 



IMPROVEJtENTS IN THE INDICATOR. 

86. The indicator, as originally constructed, was not in a I 
convenient for use, and it has been modified and improved 




Fic. 5i. 



/arious makers. The first obvious change has been to rep 

the Sat'boaxA by a cylinder enclosing a spring. The cylind) 

caused to reciprocate througVi one tara \)"j ■Oae.-^raU. of a si 

xttached to some piece whose moiiou\4\4(:si'a'aX-«\'&.'&nL\.(: 
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piston, and il returns with a corresponding movement, whereby, 
1 diagram is traced upon a sheet of paper wrapped round the 
cylinder, just as in the former case. 

Another improvement consists in reducing the motion of the 
piston, and magnifying that of the pencil. It is manifest that 
when steam at a high pressure is suddenly admitted into the 
cyUnder of the instrument the pencil will rise with a Jerk, and mil 
oscillate with a tremulous motion during the time that it ought 
to be descending smoothly according to the curve of expansion. 
The result will be a wavy line instead of a regular curve, being tlie 
very defect which Watt said was sure to occur when the steam 
pressure was read by a mercurial gauge. The jumping up and down 
of the pencil has proved a source of great annoyance in practice, 
so that thoroughly good diagrams could scarcely be obtained from 
fast-going engines. However, Mr, Richards has overcome the 
difficulty by diminishing the piston-stroke and multiplying the 
I travel of the indicator pencil, so as to bring it up to the original 
' standard. He supplies a stronger and shorter spring than that 
, used in an ordinary instmment, and the vibrations become incon- 
adcrable. The drawing shows the improvement, and furnishes 
m illustration of a useful adaptation of Watt's parallel motion ; — 



} 




Fw.. $6. 

Two equal barsA b and C d are connected bya link d b carrj- 
I inga pencil P at its middlepoint P. The piston rod e r is attached 
I liyalmkR s to a point s in c d, such that c s = ^ cd. Also when 
ABand CD are in the position of rest, as in the sketch, it will be 
fband that r s is parallel to D B, and that c r p is a straight Imt, 
It follows ibat, just as in the duplicate straight ^kie motto^ q\. 
ybaoceU/er, tbe pantograph exists in a disguised loim. TWs'ilma 
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points R and p necessarily both describe straight lines, which are 
similar paths ; and s r and d p, being parallel at starting, must 
remain so throughout the motion. They would be kept parallel 
lo each other if the pantograph were constructed, and they remain 
parallel in virtue of the morion, which is tliat due to a pantograph, 
and not to be distinguished from it 

Hence, travel of p : travel of r = C d : c s. 

In the indicator, as constructed, the movement of r is magDi- 
Tied about/iWir times. 

It should be understood that the frame carrying the parallel 
motion bars is attached to a collar which can be rotated on the 
cylinder, whereby the pencil is readily brought up to the paper 
or removed from it 



87. Hitherto we have spoken of the expansion of air eitiier 
according to Boyle's law or in an adiabatic curve, but in ap- 
plying the results of experiments on the expansion of steam to* 
practical use it becomes important to regard the behaviour of that 
particular substance from another point of view. 

It has been shown that the pressure and temperature of satu- 
rated steam rise conjointly, though not in the same degree, and 
tables have been formed expressing the relation between the 
pressure, volume, and temperature of saturated steam. It will be 
borne in mind that steam in contact with the water from which it 
is generated is called saturated steam ; and further, that when 
saturated steam at a high pressure expands while doing work iis 
temperature falls, and a portion of the steam is re-converted into 
water. Furthermore, if we operate viKth saturated steam at a given 
temperature and endeavour to compress it, we may reduce its 
volume, but we cannot increase its pressure. Each temperature has 
its own corresponding pressure, which cannot be varied ; and, as 
we have sufficiently shown in the first chapter, if the volume be 
diminished while the temperature remains constant, the only result 
wiQ be that more ajid more of ftie sieam w\\\.\ift reconverted into 
vster, the pressure remaining uiidia:^^^^. 
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If the relations between the pressure and volume be mapped out 
for any given weight of steam, we have a curve, which is of great 
value in interpreting the diagrams given by an indicator. It 
differs from Boyle's curve of expansion, it differs from the curve 
of expansion of superheated steam, which would be that of a 
perfect gas ; it is a curve furnished by experimental data, and 
expresses the conditions which obtain when saturated steam 
changes its state of pressure, volume, and temperature without 
ceasing to be saturated. 

The table generally relied on is deduced from Regnault's ex- 
periments, but as a matter of illustration we refer to the results of 
experiments made by Fairbaim and Tate. The substance being 
saturated steam, those numbers only are selected Tidiich are re- 
quired for the present example : — 



Pressure in lbs. per sq. 
inch 


Temperature 
Fahrenheit 


Specific 
volume 


II 


19777 


2167-4 


12 


101 96 


1994-0 


25 

35 
36 


212 
240 

259*65 
260-83 


1641*5 
9848 

713-4 
694-5 



By * specific volume,* or, as it is sometimes termed, 'relative 
Tolume,' is meant the volume of the steam as compared with 
that of the water from which it is generated; and since the numbers 
are large it is common to reduce them by increasing the unit of 
volume fifty times. 

Conceive now that we deal with a given weight of saturated 
steam at a pressure of 36 lbs. and a volume 694'5, and allow it to 
expand doing work. Since 3 x 694*5 = 2083.5, it is apparent 
that if tlie expansion be carried to three times the original volume 
the pressure will become less than 12 lbs., whereas, according to 
Boyle's law, it should be exactly 12 lbs. There is, therefore, a small 
deviation from Boyle's law in the form of the curve. 

The point to be noticed is that the curve, when obtained, repre- 
sents a theoretical indicator diagram. In the present example, 
setting out a number of intermediate points for press\xtes ^X t^^ 
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33, &c. lbs, and registering the corresponding volumes, also calling 
6945 unity, we have the annexed diagram, where all vertical lines 
represent lines of pressure, and all horizontal lines refer to 
volumes, and where the steam is maintained in its hypothetiMi 
state by a supply of heat from without. 
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FIG. 57. 

Let tlie horizontal line terminating at d represent the travel oi I 
the piston of an engine which is supplied with saturated steam at 
36 lbs. pressure, and let the pressure be continued constiW 
during ^ of the stroke, as indicated by h 3. The steam now ex- 
pands along the curved line SE and its pressure falls to RO, 
whichisalitde under 12 lbs, A full opening is then made to the 
exhaust ; and if the condensation of the steam were instantaneous 
and perfect the pressure would fall to zero, and would remain so 
during the return stroke. Assume that the condensation is 
instantaneous, but that the pressure falls only to 4 lbs., repre- 
sented by B D, and remains constant till die piston reaches the end 
of its stroke. ■ 

The area h s r b a will represent the whole work done in th* 1 

doable stroke, and is contrasted with the area h s e a, which m- ■ 

presents the work which wouidhwe^ifteTv^ertaTmiA t-j the saiM J 

iv^ht of steam if there had been c ' 
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In 1849 Mr. C. Cowper published a complete diagrani of the 
expansion of saturated steam, ranging from a pressure of 3 lbs. per 
square inch up to 120 lbs. He stated that the diagram was 'in- 
tended to facilitate the calculation of the amount of power ob- 
tained by different methods of employing steam,' There were 
two divided scales, viz., (t) a vertical scale of pressures from zero 
np to ISO lbs. (a) a horizontal scale of volumes, giving the volume 
of the same weight of steam at each different pressure as com- 
pared with the water from which it was generated, one division ol 
the scale representing 50 units of volume. 

The general character of the diagram is shown in fig. 58, each 
liltle square being further subdivided into 25 squares in the pub- 
lished card. -^ dotted line represents the curve of expansion 
from the lop of the figure according to Boyle's law. The dimen- 
sions are the following ; — Line of volumes ^ i r inches, line ol 



pressures = 6 inches. 




88. Having employed this expansion curve for obtaining the 
Qonna! or theoretical form of an indicator diagram, nhich closely 
resembles that given by Watt, we refer to fig 58, where fiie sniall 
sketches are appended, which, when rightly understood, present 
a summary of successive miprovements in the steam-engme, 
the horizontal dark line bemg the Ime of atmosphenc pressure 
tbrougbout : — 

I. The shaded rectangle is the diagram of work done 
^ven weight of steam when emplojed m a condensing 
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Tlie recULigle cut away at the base represents the loss by imperfed " 
rondensation. 

2. The digram of work when steam ai the atmospheric pres- 
sure is expanded z^ times with condensation, as in Watt's eariy 
engines, before the employment of high pressure steam. 

3. This figure represents the work done by an equal weight o( 
steam at a pressure of 60 lbs., without expansion and without 
condensation. 

4. Then comes moderate expansion of steam at 6o lbs. pressure, 
without condensation. It is apparent that the curve is taken in 
every case from the normal diagram, and here the expansion is, 
carried to three volumes. The rectangle cut away represents, m 
each case, the loss by back pressure. I 

5. The same case repeated, except that the expansion is con- | 
dnued to 9 volumes, and we have the theoretical indicator diagram I 
of an engine working according to a more economical method. | 

The indicator being a measuring instrument attached t" j 
the cylinder, and intended particularly to infonn us as to liic 
action of the valves connected therewith, it will be essential to give 
some sketch of these working parts before discussing tlie ptculi- 
arities of the outline traced out by the pencil. 

It is not within the purpose of this book to present that fuH 
information which is to be found in large works crowded niih 
working drawings, and it must suffice to point out enough forafai: ■ 
explanation of the matter before us, 

VALVE MOTION OF A SINGLE-ACTING ENGINE. — THE HVDRAUUC 
GOVERNOR, OR CATARACT. 

89. To begin with the valve motion of a single-acting engine. 
It will be remembered that there are three principal valves con-, 
nected with the cylinder, viz. (i) the steam valve, (2) the equili- 
brium valve, (3) the exhaust valve. Originally these valves woe 
simple discs covering the respective openings, but at the preset^ 
time they are balanced valves, usually of the Cornish double-beat 
or crown-vaive construction, to be presently described. There if; 
BO rotating shaft or fly-whee\ conaetVti -s'vCtv ^.-^vrnvyKv^ en^p*; 
for mines, and hence the molioiiv a\o:\\^\t Im ■ ^ ' 



The Cataract, I33 

meduuiisin self-acting is not continuous but intermittent. The 
^t.3.i% period of opening each valve will determine the number of 
stiotes made per minute, and is the first thing to be provided for. 
ll is evident that some independent agent must be at work to 
open the valves, and when that is effected the motion of the beam 
may be utilised for closing them at the right instant. 

The independent agent referred to takes the name of a caiarad, 
probably from the original form of the apparatus, which, in the 
early days of steam engines, was that of a vessel into which water 
was poured at a definite rate through a pardy-opened tap. Tht 
vessel was lop sided and tilted over, so as to discharge its contents 
in a sort of cataract as soon as the water had risen to a certain 
heghL Tlie falling over of the vessel determined tlie period of 
opening the valve with which it was connected. After a sufficient 
lime the same valve was closed by a lever actuated by a projection 
or tappet on the plug rod, of which mention was made in the 
account of Newcomen's engine. 

The principle of the cataract in its modem form will be under- j 
stood from the annexed sketch. Inside 
•ater there is placed a plunger 
pump P, connected with a valve o, 
opening upwards into the chamber 
of the pump, and having a tap a, 
capable of being regulated by a 
lever a d and a rod d e. The 
plunger p is loaded, so that after 
raised it will force out water 
the tap A. The valve o is 
when the plunger rises, 
ses as soon as it begins to 

I, and the only escape remaining for the water is through 

fcnly open tap, the regulation of which determines the rate 

"a p descends. Up to this point the cataract i-. a simple 

I pump, with a partly open tap in place of the usual delivi.ry 

! next drawing, on p. 134, will show the external form of 
s well as its connection with theva\ves ot lihe etv'g.'ne. 
Aherewe may point out that there are common^^ two caAKcac** 
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Biwployed, the function of one being to open the steam and exhai 
valves, and that of the other bdn^ to o^eti.**, ti^ilibrium val- 
/n the drawing the cataiactis 
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and exiiaust valves. The plunger p is a hollow cylinder, ciosed at 
die bottom but open at the top, and called a trunk ; it is attached by 
I rod to the lever n o bi, which is centred at o, and is raised when 
die tappet or projection shown at / on the plug rod comes in contact 
«& the tail of the curved lever-arm springing from m^ which 
ber-arm is a handle for rotating the small chain-wheeL The 
resdlt is that the chain is wound up to some extent, and p is raised. 
Hie weight hung at n now causes the plimger to sink, and water 
Biorced out at the partly open tap, the cataract rod rising until 
eventually its extreme end lifts the lever at the top steam arbor 
(diat is, axis) and liberates the catch. 

The regiilation of the descent of the plunger being effected by 
opening the waste tap at d more or less, Uiere is a separate bar de 
cunnected with the short lever attached at d^ which has a screwed 
portion, as shown, and by rotating the knob e at the upper end of 
the bar the tap may be opened or dosed. 

In order to complete the explanation it is necessary to turn to 
6^. 61, which exhibits the mechanism employed for opening and 




Fig. 61. 

closing the steam valve s. A catch rod r s holds the catch i, which 
has a fixed centre at E. As soon as i is liberated w descends 
and s opens. The left-hand sketch shows the cataract rod 
ascending and just about to raise the end r of the catch rod r s. 
The tail/ of the lever /e ^ will then move upward into the position 
shown in the second sketch, and it should be understood that the 
cmly part of the plug rod which interferes with the freedom of 
motion of/ is the dark-shaded piece marked h. 
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When the valve s is raised the piston descends and pulls down 
one end of the working beam; this brings down also the plug rod, 
and causes the part h to strike the tail /of the lever b e/; and to 
depress it into a position ready for being locked by the catch rod 
sr ss, soon as that rod is set free by the sbking of the calarad 
rod. When once locked the valve s must remain closed until il 
is liberated by the cataract or by hand, for of course the valves 
may be worked by hand if desired. The period, or rather the 
portion of the length of stroke, during which the steam valve 
remains open is regulated by adjusting the position of the piece H, 
and determines the amount of expansion. In a powerful pumping 
engine, such as is employed at waterworks, where a weight of 30 
or 40 tons is lifted some eight times in a minute, it is most 
remarkable to ivatch the steam valve lever and to note the short 
space of time which elapses between the opening and closing o( 
the passage for steam. 

CYLINDER, SLIDE-VALVE, AND PISTON. 

90. We pass on to the cylinder, piston, and slide-valve of « 
locomotive engine. Several drawings would be required for exhibit- 
ing these respective paxts completely, but there is not space for 




more than a longitudinal section ot 'the qj'^wvitn, \a^t\isai with die 
piston and valve for distributing the ateaia- 
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The cylinder is 16 inches in diameter and J inch thick ; it is 
made of cast iron, and is bored out in a lathe. The thickness of 
1 steam cylinder depends, of course, upon the diameter and the 
intended pressure of the steam. One cover is movable, in order 
to admit the pistoti, but tlie other cover is often a part of thu 
casting. The openings into the cylinder are called steam-porls, 
being rectangular in shape and bounded by a plaue surface 
scraped up so as to approximate to a so-called true plane. The 
ports lead into passages shown in the sketch through which the 
steam enters into or escapes from the cylinder. 

murdock's slide-valve. 

The most important element of the combmation is the slide- 

nlve, which is in a form derived from the original invention of W. 

Murdock, who, in 1799, obtained a patent {No. 2i34o) for an im- 

JTOved construction of the steam valves in Watt's double-acting 



Murdock's valve, technically called a D valve, consists of a 
pipe A, usually semicircular in form, and attached to a lod 
Upon the flat side of the pipe are two 
pUne rectangular faces which slide upon correspond- 
mg plane surfaces having rectangular openings called 
ports, which fonn passages into the cylinder and 
convey the steam to either side of the piston. 1" 
"iiding faces are scraped so as to be as nearly as 
possible true planes and work upon a corresponding , 
plane surface, the object being to render the valve ^ 
sieam-tight on the plane side. The valve is cylin- ^ 
(irical at the back, and is kept steam-tight by packing 
St D and E. It will be understood that the sketch is 
> mere lecture diagrara, and does not show the con- _ 
*tnjciion of the several parts ; thus, the packing at d 
3nd E is not carried with the valve, but is pressed 
Against it through openings in the back of the slide-case. 
Any steam which enters the central portion by the ^"'' ^3- 
Passage indicated will circulate freely round the pi^e, voViVc 'Ocvft 
'pace beJoir £6.? ra/re is permajiently open to the conden^T. 

Ja the di^mng steam is entering below the p\slon ?, aQ^-^* 
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dri\ing it iip^vards, while the steam above p escapes tiirougli & 
upper port, passes down the hollow pipe, and enters the condensa 
Upon raising tlie sUde-valve the reverse takes plac 
enters at the upper port and escapes through the luwer p«f 
directly into the condenser. 

Each end of the pipe may be regarded as a separate valve, and 
accordingly in Murdock's account of his invention it is stated tbil 
the upper and lower valves are worked by one rod or spindle, thd^ 
stem or tube wliich connects them being hollow, ' so as to sen* 
for an eduction pipe to the npper end of the cylinder, by whic)^ 
means two valves are made to answer the purpose of the four used 
in Mr. Watfs double engine.' It will be remembered that 
gram showing the arrangement of the four valves in Wa 
early engine has been already set out at page 37. 



OTHER SLIDE VALVES. 

92. Another form of valve derived from the above i 
box valve, being a sort of box with plane faces and cont^ii? j 

.. passage along the back of It. Here 
^^ may be dispensed with, but a third port becoi 
' necessary, so that in one sense the contri' 
simple. It is sketched in fig. 64, where a is ihel' 
upper steam port, e the lower steam port, and c ll»l 
eduction port. The drawing shows steam entering 
above the piston at a, and escaping through h intoC; ■ 
and so to the condenser ; whereas, by lowering ibl a 
? valve, steam ivould pass into the space beloiv the - 

• I piston at B, and would escape from the upper part of - 

the cylinder into the passage formed by the valvft 
n-a J which would now lead directly into the condensa- 1 
irir It will be readily seen that the fiat portions of llif - 

I'lJ L valve are in steam-tight contact with the faces on = 

Fio. 64. which they work. 

93. If the ports be interchanged, so that c lies between a and " - 
the construction of the valve is gready simplified, and it is 
longer necessary that it should assume the form of a pipe, ftit 

may be a simple box with flai ^atcs. ?)\it\\ -i. N^A^t \'i a.qijlied 
engines of every class, but ^s o( vrnvjerai. M?,t \o.\wjm,v 
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si^nes, and is distinguished as a locomotive D valve, or three- 

posted valve. It is the valve shown in the section of a cylinder 

and its appendages which has led to this discussion about valves, 

and may be convenientiy studied in the following example, which 

is taken from an oscillating engine working in one of the boats on 

ibe Thames. 

The annexed diagram shows the steam ports a and b, together 
nth the eduction port c, and a passage s leading to the boiler. 
The valve and ports are covered by 
a rectangular box or casing, seen 
k section in fig. dd. The metal 
m&ce a ^^//surrounding the ports, 
indnding the intermediate bars m n^ 
bcarefully planed in the first instance, 
and is usually scraped afterwards, 
according to the method originated 
by Sir J. Whitworth, so as to be as 
nearly as possible a true plane 
sor&ce. In the year 1840, when 
slide-valves scraped up to a standard 
nr&ce plate first came into use, 

and were tried against others prepared on the old plan by grind- 
ing with emery, it was stated by the Superintendent of the 
Manchester and Liverpool Railway, in answer to a letter from Mr. 
Whitworth : * I have this day taken out a pair of valves got ui> 
with emery that have been in constant wear five months, and I 
find them grooved in the usual way. The deep grooves are ^ inch 
deep, and the whole siurface, which is 8 inches broad, is -^ hollow 
CJT out of truth. Those that are scraped are perfectly true, and 
Hkely to wear five months longer.' 

The grooving action which here arose, probably from the emery- 
powder which adhered to the metal, has in some form or other 
always been a source of difficulty, and is also traceable to the 
inequality of wear due to the open faces of the ports as compared 
with the sides. Mr. Webb has accordingly patented a circular 
alide-valve which is free to rotate in the buckle that holds it ; * so 
that if the valve should have a tendency to seize in any one part 
jf the sliding surface, which would put more friction on thai 



Fig. 65. 
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particular side, it will immediately begin to revolve, and s 
itself by bringing different portions nf the surfaces to bear.' 
steam ports are annular segments on tiiis construction, the exhausi J 
port being circular. A pair of valves exhibited at a meeting ol I 
the Instilution of Mechanical Engineers in 1877 had run 
miles on the North- Western Railway, and the surfaces were 
by wear, but appeared to be perfectly true. 
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The next drawing shows ( 1 ) an outside casing d d, which flf 
a receiver into which the steam enters on its ivaj- from the b 
(2) the valve E and its spindle ; (3) a stuffing-box and gland jj 
forming a steam-tight collar through which the spindle \ 
(4) the steam passages marked a and b respectively, i 
eduction passage c which leads directly into the condenser. 1 

Two sections are given of the valve and the slide c 
longitudinal section through the valve spindle, the other a] 
secrion through the middle of the slide case, showing the b 
of the valve. Taken wiih the plan of the ports, thes 
make the construction of the whole apparatus sufficiently J 
Also it is apparent that when the valve moves to the lef 
ficiently to uncover the port a, there will be an escape for. flj 
from B into the condenser, the arch of the valve forming a 
from B to c On moving the valve sufficiently to micovcr ihr 
port B to the steam there will be an escape through a into tin 
condeaser. The action is, fceietoic, ^tea^-^ *J\e same as ii 
Ufardock's valve. 
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THE PISTON AND ITS PACKING RINGS. ^| 

4. We come now to the piston and the method of packing H 

as to prevent any steam from passing from one aJdt: to the H 
r by leakage. The drawing (fig. (Ja)sho«'S the piston wTouglit in H 

solid piece, and dished out so as to form a deep surface of 
act with the sides of the cylinder. Here the depth of the 
ling surface of the piston is 4 inclies, and the three grooves 
ivn in section are intended for the reception of metallic pack- 
rings, as applied by Mr. Ramsbottom about 1S54, and which 
Q the simplest method that has been devised for keeping the 
on steam-tight under the high pressure employed in locomo- 
I engines. The contrivance is thus described in a paper on 
improved piston for steam-engines : — ' Three separate grooves, 
h J inch wide, ^ inch apart, and -^ inch deep, are turned in 

circumference of the piston, and these grooves are fitted with 
Stic packing rings. These rings, which may be of brass, steel, 
iron, are drawn of a suitable section to fit the grooves in the 
ton, and are bent in rollers to the proper curvature, the dia- 
ller of the circle to which they are bent being about y'^th target 
ID the cylinder. They are placed in the grooves in a com- 
psscd state, and along with the body of the piston are thus put 
D the cylinder, care being taken to block the steam-port The 
IgB are therefore forced outwards by their own elasticity, which 
found quite sufficient to keep them steam-tight' Of course the 
Igs are put on so as to break joint One object in the con- 
ncDon of this particular piston has been to reduce as much as 
Swble the amount of rubbing surface. It is a maxim in books 
I mechanics that the amount of friction is independent of the 
tent of surfaces m contact, but that rule only applies where the 
fface is directly supporting a pressure, and it has nothing to do 
A the friction of a piston, where an increase of surface un- 
[lAtedly increases the friction. Here the lightness of the piston 
duces the friction, and so also does the small amount of elastic 
Ifece pressed against the interior of the cylinder. 

As to the amount of bearing surface, it appears ftiat fo^ mi 
'■*ocb piston it woald come to about 42 sq. inches, -wheiea.?. '\U » 
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piston of the same diameter with 2^^ inch packing rings the ai 
of nibbing surface would be 141 sq. inches. The simplicity 
construction is also an advantage, the only workmanship expend 
on the piston being that of turning its rim and forming its cent 
The packing rings are drawn as ordinary wire, and are aflerwai 
bent into shape, the cost of production being very small. 

The mode of attaching the piston rod is apparent from t 
sketch. There is a shoulder, and the rod tenninates in a cot* 
end, the whole being screwet' up tight by a nut. The cyiind 
covers are copies of the configuration of the piston, thereby avd 
ing a waste of steam. 

CYLINDER. 



95. In contrast with the locomotive piston, 28 inches in dii 
meter, take a piston for an oscillating cylinder of a large paddli 
wheel steamer, the work done by which is 300 nominal H.P., bi 
is really much greater. 

In the present example the piston is made of cast iron, and i 
88 inches in diameter. It has to support the enormous drivin 
pressure of the steam, which at 13 lbs. per square inch wotii 
amount to 35 tons, and is constructed of two plates of iron 
great strength, increasing from \\ inch in thickness near the df 



% 







^Cnmference to i| inch near the piston rod, being fiirther stimglt 
ened by six ribs of iron, TOdicatei m ftia ^esxdn, «m1i of irt&l 
is i^ inch thick. The depl^ o^ t\v(i Y^xcra. Sa -i \w2Ma *.' 
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ring, and increases to abont 13 inches near the centre. 

every vertical ladial section presents an analogy to a 
;v or beam supported at one end. 

e is one large metallic packing ring, made of cast iron, 5 
eep, and % incli thick. It is turned in the lathe, and then 
lugh and jointed ivith a tongue, so as to be the eJtact 
he cylinder, an outward elastic pressure being maintained 

packing, which is wound round the piston behind the 
the empty space i, and is held down and compressed as 
breed outwards by a ring with a shoulder. This ring is 
d on by a series of bolts, whereof one is seen in the 
, having square lieads to prevent their becoming loose, 
ig retained in position by one tight encircling ring, c. 

piston rod is 10 inches in ifiameter, coned at one end, 
ared by a nut 16 inches in diameter. The nut is tightened 
. long lever, which has a forked end, terminating in two 
lich enter the recesses shown in the nut 

BAL.4NCED VALVES. 

The next point to be considered is an improved consUuc- 
ralve which will permit of an opening being made with but 
brt in a space exposed to the full 
: of Steam, The subject-matter 
ration is the old disc valve em- 
tiy Walt, and shown in the annexed 
;, as being lifted by a rack and 
tai pinion. 

steam pipe opens into the box or 
above the vaive, and the steam ^'®- ^ 

e presses with its full force upon the surface of the disc, 
:annot be raised until that force is overcome. It is, how- 
sy to vary the construction so as to remedy this defect, 
method adopted is to balance the fluid pressure by subject- 
equal areas to equal pressures in opposite directicas. The 
tions of this principle are the following : — 
The Throttle Valve. ' 

s valve nss introduced by Watt, and consists ot a. ccoiai 
wing on B spindle which coincides with a diamelex cX "eBaJ 
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plate. It is shown in section in fig. 69, the seats being indici 
at/, //, and the point c being the axis or rotation of the valve. ' 
press ureiof the steam on oiie half of the valve— via. o i— is, of con 
F'balanced by that on the other half o a, and there is equilibrium 





■ «fl positions. The valve is a sort of door swinging on a t 
line in its own plane, and is actuated by tlie rod m acting oi 
crank or lever handle, 

2. The Double Beat Valve. 

This valve consists of two circular discs a b and c d, thread 
on the same spindle e h. The principle here relied on is ay. 
the opposition of fluid pressure on two surfaces, but the mode 
application is different. Steam is supposed to be on its way 
the cylinder and to have passed a regulator— viz. the throttle val 
— so as to be entering the space between the discs. It is maaif 
that the tendency of the steam pressure is to lift a b upwards a 
to press c D downwards ; and if the areas of the two discs be eqi 
these opposing forces will balance, and the valve may be lift 
with a very small exertion of fcrce. 

The same thing is done in organs, where it is an object to of 
and close passages for the supply of compressed air with compa 
lively little effort ; but in that case tlie valves are discs attached 
the opposite ends of a lever whose fiilcmm is supported at a po 
raised a little above the general plane of the discs. , Also the di 
themselves are on opposite sides of a partition, so that one inff 
outwards in the direction ot iVie an ^^es^\«fi,ai\d tKe other inn'.i 
Tgalnst that pressure, the Tcsviit tcm^ fee. sMRt^Ss. ■&«.*; 
live, but arrived at bv a dVffeient mode o^ cOTatovcwsv. 
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In the left-hand sketch the steam is entering between the discs, 
(at it may come upon them from the outside, as in the adjoining 
liagiam, and it is manifest that the principle of the opposition 
a fluid pressure applies equally in this case. 
3. The Cornish Double Beat or Crown Valve, 
This is a valve very extensively used, and consists of a hood 
or cover resting upon two seats. It matters not whether the steam 
passes through the valve from above 
downwards or in the reverse direc- 
tion, and for the purpose of explana- 
tion we will assume that it is passing 
upwards, as shown by the arrows. 
The pipe h is permanendy closed 
It the top by a fixed plate a b. The 
wily thing movable is the part e c d, 
ffUch forms a casing to the open 
sides of the pipe just below a b. 
The seats are shown in the diagram ; ^^* ^^ 

and inasmuch as the resultant vertical pressure on the inside of 
the curved portion c d is zero, the valve is in equilibrium when on 
its seat, although exposed to the full pressure of the steam. The 
constraction of the valve is indicated in the annexed sketch, 
which shows an ordinary steam or eduction valve suitable for a 
pamping engine. 

An important advantage attaches to a double-beat valve in 
respect of the area of opening for the passage of steam under a 
given amount of lift. The question is one of geometry. 

Let 2 r be the internal diameter of a pipe covered at one end 
by a disc of the same diameter. When the valve is raised let x 
be the linear motion of the disc along the axis of the pipe, and 
we have 

area of opening = 2 tt r x ^. 

But if the pipe be fully open, area of opening = area of pipe. 



Or 



2 TT rX = TT r^ 



.*. ^ = - =- (2 r\ 

2 4^ 

H^hkb proves a well-known rule, viz., that a pipe, dos^d \yj ^^ 
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ordinary plate valve, is fiilly open when the lift of the valve is oofr 
fourth ine diameter of the pipe. 

97. As a mechanical device for effecting the object in view- 
viz,, the opening of a closed pipe against fluid pressure, with a 
expenditure offeree — the double-beat valve is a perfect apparatus, 

An ordinary sHde-valve, such as the locomotive valve, occupies 
a sort of intermediate position between the simple disc and tii* 



Fig. 71. 

double-beat valves. It is a great deal better than one and worse 
than the other. If a passage be opened by the sliding of a plaic 
over an orifice the pressm'e of the steam exerts no direct influence 
to oppose the motion, but indirectly it causes ftiction, which in 
the case of the large D valves of marine engines becomes veij 
serious, and accordingly slide-valves are converted into so-called 
balanced valves by first boring a hole through the valve and then 
attaching a packing ring at the back thereof, which ring come 
in close contact with the slide case and takes off tlie pressme from 
the area so encircled. 

The drawing, taken from a marine engine, illustrates this ai- 
rangemenL The valve and the packing ring are shown in sectioD, 
and it will be noted that the back of the sHde case is strengtheneii 
; by arched ribs, so as to avoid any warping under pressure. Tlit 

I inside surface is faced, and a circular packing ring cuts off the 

I s/CflDi pressure from the whole area which it encloses. It wonU 
I he right to show this ring m ijAan, ta^ 'ivwe'-\a -ma Mt^ got J 
k necessity for doing so, as ihe dia^Ti?, \a ^^an. la casi-^ -so^ 
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Gridiron Valve. 147 ' 

; are binall packing rings. Hie Ramsbottom's rings in a 
comotive piston, which keep the principal ring steam*tight as 
r as the annular portion in contact with the valve is concerned; 
fd the upper plane surface which is in contact with the back of 
e slide case is pressed against it by the action of the steam on [ 
e projecting edge. 

I A slide-valve having been thus improved by diminishing the 
cdoB which impedes its working, the next step is to cause a 







Fig. 72. 



D be set open for the passage of steam by means of a 
pmparatively small movement of the valve. For this purpose a 
btinct principle has been brought into play, which is well known 
k its application to the ventilators of a railway carii.ige, and which 
pnsists in the multiplication of a single valve several times over. 

Valves of this kind are distinguished as gridiron valves, 
pd there is an example in the expansion valve of the marine 
ngjne, to which the former valve belongs. Steam is admitted by 
be pipe s into a smaU chamber with a grating at the base, which 
y, in fact, the valve and its seat There are eight rectangular 
Ipcnings for the passage of steam in the bottom of the chamber, 
pd attadied to the rod above is a plate or grating liaving eight 
lorresponding rectangular slots cut in it Supposing the valve to 
?e so placed as just to cover all the openings, it is obvious tha.t a. 
taction of I- inch ivould cause each of the eight -valves Xo o-^-Q. 
'^ifmcA, or would give the same result aa -with a smg^ft NsSse 
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moving througli 8 half-inches. In other words, the area opened fi 
multiplied without any increase of hnear motion. 

The reason for the peculiar form of the slide-valve of ihc' 
engine, shown in fig 71, will now be understood. The outside 
shell of the valve forms an ordinary D slide-valve, but the 
inner pieces, a, b, are passages through which the steam circukles. 
There is, therefore, a pair of steam ports commimicating with ifie 
top of the cylinder, and another communicating with die bottom 
of it, and the length of stroke of the valve is halved with the 
effective opening. This result may be of great value in powerful 
"icrew-propeller engines. 

THE ECCENTRIC CIRCLE. 

98. Before proceeding further it will be convenient to expbi 
the use of an eccentric circle in actuating the slide valve of -i 
engine. For this purpose we refer back to Art. 73, where ll« 
contrivance of the crank and connecting rod has been discussedj 
and, beginning with the conversion of circular into reciprocating 
motion in its simplest form, it will be remembered that if the con- 
necting rod could be prolonged until it became infinite the line pQ 
would always remain parallel to itself, and the travel of the point ^ 
would be represented by the equation dq = a (1 — cos. fl). 

A crank with a connecting rod of infinite length is ao 
imaginary creation, but there are simple combinations which wiB 
give the motion, and which have been commonly used. 

1. Let a pin p, fixed in the face of a circular plate whose 
centre is c, move in a horizontal groove es attached to a verliol 
rod passing between guides, as shown. 

It has been proved that this motion causes a reciprocation 
the point B, which is that of a, crank with an infinite link. 

2. Let a circular plate centred at c rotate in a vertical plant 
under a horizontal bar r s which is attached to a vertical bar 
constrained by guides and pointing towards c, as in tiie previow 

Taking p, the centre of the plate, draw pb parallel tocD, — _ 
rte point of contact of RS arid xVve, ■?\i\£ temaios in a vertkl 
iine (-firough p during the molVou. "V-mx ftvt -tQ\iA.-B iKSBSs»» 
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iide round c, and therefore c p is in effect a crank of fixed length ; 
Jso since p b remains parallel to itself, the motion is the same as 
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Fig. 73. 

Jf the connecting rod between p and the piece moved by it were 
ODfinite. Thus the motion is that of a crank with an in&iite link. 
3. A new form, of the greatest possible utility, and giving the 
motion of a crank and connecting rod of any length within certain 
limits, is deducible at once from that last examined. 

Conceive that the bar r s is wrapped round the plate so as to 
J encircle one-half of it, and let the end b of the rod b d be con- 
i strained to move in a line pointing to c. As the circle revolves 
the crank c p remains constant, and the connecting rod is now p b, 
which may be extended at pleasure beyond the limits of the 
QFCular plate. The combination is a mechanical equivalent for 
the crank and connecting rod. 

The form usually adopted in practice is derived from the 
anangement just described. A circular plate is completely en- 
circled by a hoop to which a bar (always pointing to the centre of 
the plate) is attached, the object of the complete hoop being to 
cause a reciprocation of b in both directions. If there were only 
i half-hoop, as in our sketch, the eccentric circle would drive b 
upwards, but it would not necessarily return, and might require the 
fa-ce of a spring or the action of a weight to assist in completing 
tile double oscillation. 

As before, the throw of the cccmtric is the same as that of the 
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t space equal to the diameter of tlie circle whose 



crank, v 
radius is 

99. Having thus explained the principle of construction 
adopted in the eccentric, it remains to give a sketch showing the 
contrivance as made and applied in. 
engine. Usually the eccentric- occujMM 
so much space in a drawing that it 
difficult to find an example suitahle fa 
insertion in the smill page of this boct 
The annexed diagram, however, 
suffice, the eccentric rod being verf 
sliort, as in a small oscillating engine, 
from which the sketch is taken. 

Tile circle c represents 3 section W 
the crank shaft, c being its centR 
"Upon the crank are fitted two cireolir 
half-pulleys of cast iron, which are boltri 
together, and have a centre at p. Tfll 
half-hoops of brass, tinted in tliestetdi, 
and united togetlier by bolts and double 
nuts at E and h, cany the eccentricbH, 
which actuates a pin at b connected 
with the valve lever. The engine being 
designed for a river boat, and thereiBtt 
requiring to be reversed at pleasnie, 
tliere is a strap a b, to prevent the ec- 
centric rod from falling away from the pin while the valve is beiiif 
moved by hand. Also, in this case, the eccentric pulley ridn 
loose upon the shaft within certain limits defined by stops, and 
there is consequently a disc d, forming a counterbalance to tfx 
weight of the pulley, which prevents it from falling out of positJon 
during the disengagement of the pin at b. It should benoteddit 
p, the centre of the pulley, may be brought as near as we pleise 
to the centre of the shaft, and that the throw of the eccentric fflif 
be reduced accordingly ; but that we are limited in the other dii«- 
tion, for the shaft must be kept within the boundary of the pUR 
and the plate itself must not ^e mctmvem.ewi.'^ \3.i7j,c^ — considov 1 
tions which are sufficient to ^levetvt an^ ^«)X\-aa«asfc\&tii- ^ 




Fig, 74. 



Crank and Connecting Rod. 



loo. The general arrangement of a direct-acting engine 
implest form may be made dear by the lecture diagram, /ig. 75, 
irtiich is taken from Dr. Anderson's 
lUection, as published for the 
aeoce and Art Department, and 
Kpresents a small vertical engine 
iving some light machinery. 
The steam cylinder is marked c, 
ind B is the slide case, the piston 
being connected witli the crank 
' le connecting rod p r. The 
worked by an eccentric, 
at E, and the eccentric rod 
d to the valve spindle is 
rked e d. 

It is apparent that ihe use of a 
ik in the position shown in the 
entails the dirision of the 
Idiaft A B, in order to leai'e an empty 
which the connecting ;od may 
This necessarily hap- 
less the crank is at one end 
and the great value of 
eccentric arises from the circum- 
Raoce that it enables us to derive 
file motion which would be given by J • < 5 

ctank and connecting rod from any part of the sliatl, whelher at 
die end or not, witliout forging 3 crank upon it or subdividing it. 
~ ■ object of the sketch is to make this matter clear, and to 

iliow the conversion of the reciprocating motion of the piston into 
the rotation of the shafting in the first instance ; and further the 
fC-comTrsion of that circular motion, so set up, into the reciproca- 
rion of tlie slide valve. We shall presently refer to the construction 
of the ends of a connecting rod and the mode of fitting the brasses. 
As to the cranks, it is enough to say that they are frequently forged 
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in one solid mass upon the shaft, and are shaped afterwards by tin 
machmery of the workshop. Where the crank shaft is of gteH 
size, as in some marine engines, a special machine tool is adapts 
for turning the crank pin while the shaft itself is at rest. 

VALVES LIFTED BV DIMS. 

loi. It often happens that the steam and exhaust valves of 
engine are hfted directly by cams. The term ' cam ' is applied tc ~ 
a curved plate or groove wliich communicates motion to another 
piece by the action of its curved edge. 

In general mechanism the particular curve which determines 
the nature of the movement communicated has every possible 
variety of form according to circumstances, but in the application 
of a cam-plate to the actuation of a valve all that is required 
lift the valve rapidly, then hold it raised for a certain proportion 
of the stroke and allow it to come down again upon its seat. It is r 
apparent that in a simple movement of this kind, where one end I 
of a lever is to be raised, held up, and allowed to drop, it will 
suffice to surround the shaft by a plate or cylinder hai'ing a 
circular portion ef, on which the end of the valve lever rests when 
the valve is closed, and a raised portion, a b, 
^^^''—-JYP ^Iso circular, upon whicji the valve lever rum 
ff ^^^/\ when the valve is to be opened, and which 
holds it open until the end of the lever rum 
down a slope and comes upon the lower circular 
portion corresponding to ef. For some pu^ 
poses, as where steam is to be worked expan- 
FiG. 76. sively, the raised portions are of different lengths, 

as A B, A c, A D, arranged in successive steps, 
one behind the otiier, whereby the valve may be held open foi 
different periods. 

Also it is manifest that the cam may be on the face of the 
plate, instead of beiag part of its edge, and that in effect two 
portions of flat plates rotating about a common axis perpendiculni 
to each, and raised one above the other, with a sloping sur&M 
connecting them, would be a mcctiaincai eofayaJkcat im \3&& cut 
described. Such a catn-p\aie was Msed>( Sa'W ."SiK^oimi. 
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THE LAP OF A VALVE. 

3. A peculiarity in the construction of the valve described 
- 95 could hardly escape notice, even if it were passed by 
It comment. Referring to fig. 66, it is seen that the arch 
; valve exactly bridges over the interval between the inner 
of the steam ports a and b, but that the faces of the valve 
lerably overlap the ports on the outside edges. The valve 
iced symmetrically with regard to the ports, and is therefore 
: middle of its stroke. 

1 the annexed diagram there are three vertical lines intersect- 
horizontal dotted line at the points o, n, and d. The space 
enotes the extent to which the face of the valve overlaps the 
I, and is technically distinguished as the '/a/ ' of the valve. 
ipace ND indicates the extent to which the port a is opened 
earn, and is often less than the whole breadth of the opening, 
;ason being that the same passage serves both for the entranct 




atit of the steam, and that a larger opening is required for the 
[ passage of steam into the condenser than for its admission 
the cylinder, 

?he circle on the right band may be taken to represent the 
of the centre of the eccentric pulley which actuates the slide- 
:. The diameter h D is the whole travel of the valve, and p 
le point which the centre of the pulley occupies when the 
ID is at the end of the stroke. Draw p N r perpendicular to 
and we have (neglecting obliquity of eccentric rod^ 

o N = lap of valve, 

ND = opening of steam port. 
c o H represents the direction of the crank of the eo^ae ■wVta 
&oie is conunencmg, the £rst thing we observe \5, ^!t^^ 'Cwa, 
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!re no Itfkl 

II be better \ 



centre of the eccentric pulley has been set back through a 
K o p, such tiiat o N = lap of valve, and that if there were i 
the line o p would be at right angles to o h. 

Tlie importance of putting lap upon a slide-valve will be b- 
understood by noting what would happen without it. If there '■ 
were no lap the opening for steam would be represented by od, . 
and the result would be that the steam port could only be perfectly :: 
dosed at the precise instant when the valve was in the middle of > 
its stroke, at which time it would be moving most rapidly. It it ; 
sipparent that a valve of this kind is unsuitable for an engine, d* *- 
better plan being that the steam sliould be compressed ur cushioned I 
on one side of the piston, so as to assist in bringing ictorestL 
and that the driving pressure on the opposite side should bf 
relieved by opening a passage to the exhaust or releasing flit 
steam, as it is termed, just before the stroke terminates. ~ ' 
precaution prevents the violent jerk and strain which would conn 
upon tlie crank-pin if the piston were thrown with full force upM 
the crank at the dead points. 

103. The value of an indicator di^;ram in interpreting tfn 




action of a slide-valve should now be made clear. The drawinf 
will give an idea of the action of a model belonging to the School 
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of Mines, and intended to illustrate the relative motion of the slide 
Tralve and pistcn in a direct-acting engine. 

The moving parts are attached to a board carrying a sheet of 
paper on which the circles described by the crank-pin and centre 
of the eccentric are marked. Below this is a space for tracing 
&e indicator diagram. The crank and connecting rod which 
the piston are at the back of the board, hut an index ami, 
.placed in front and moves with the crank, thereby trans- 
its apparent motion to the part where it can be seen. The 
Ic is represented by an actual crank, Qp, whose extreme end 
the smaller circle, and the rod / l carries on the motion 
the valve. The point/ can be shifted along the arm ot, 
Aercby varying the amount of travel of slide, and the lengtli 
irf the rod /l can also be adjusted. In this way the effect pro- 
by any deviation from the proper length of the eccentric 
»d can be studied 

We are at present in a position to trace out the diagram as 
pren by an indicator. The crank being horizontal, with the 
piaton at the end of its stroke, the first thing to be done is to 
place the valve in the correct position for admitting steam by 
setting back o/ until the lap is allowed for. The va!ve then 
Opens ; and if the pressure of the steam is sufficiently maintained, 
the indicator pencil will trace the horizontal line ab. When 
the oank gets to the end of the first dotted line, a is closed, so 
that expansion begins, the pressure (alls, and we have the cune 
At the point marked 'release ' the valve is moved so far to 
the left as to open a passage from A to c, and the release, as it is 
lermed, begins. The pressure falls from c to / and continues 
Very low till the point marked ' compression,' when b is closed, 
fttid the steam in the corresponding end of the cylinder is cushioned 
So as to increase its pressure, the pencil rising from ni to a 
*hen the double stroke has been completed. 

104. The effect of putting lap upon a slide is thus to produce 
« fixed amount of expansive working, and it is easy to calcu- 
late the amount of lap which should be assigned in order that 
tte (team may be cut off at any part of the stroke. 

tiie Jailer drcJe represent the motion of the ciai&.-'^vtv'vcv 
engjne, and !et the smaller oiTde be X\\e -pa-vV. oV 



rSS 



The Steam Engine. 



the centre of the eccentric. When the crank is in the positioii 
o H, and centre of the eccentric at /, steam is just b^innii^ 

to enter the cylinder. Draw 
pnr perpendicidar to Oi/, then 
r must be the centre of the 
eccentric when the steam is 
shut off, at which time let op 
be the position of the crank ol 
D the engine. Draw p n perpen- 
dicular to o D. 
Let o p N = a,/ Oi/=://or=tt, 

Then angle h o/ = angle por, 

/. i8o° - = + 9o« -«, 




a 



F,G.79. . or = 45^ + ., 

whence the position of o/ can be calculated. 

Ex. Let the steam be cut off at \ of the stroke from the ex* 
tieme end. 

Then ND = iHD =:iop. 
6 3 



or 



CD— ON 



OP 



or I — sm a = -, 

3 



.". sm a = -. 
3 



Referring to a table of natural sines, we find that 

Sin 41° 48' = -66653 

.*. a = 41° 48' approximately 

/. H 0/ = 135° — 20'' 54' = 114^ 6'. 

But — = cos H 0/ = sin 24° 6', 
0/ 

and sin 24° 6' = '4083 by the tables, 
/, O « = *4o8 X o^ =■ '20^ X \x^N^\ oC slide. 
7ie manner the amomls oi Xa-^moxe^^xxac^xOS. ^jjs.^ 
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Ksces of ^, J, \ of the stroke from the end thereof are '289, '250, 
177 of the travel of valve. 

105. An inspectioii of ^g. 78 shows that the four principal 
labts in the valve motion are (i) the admission of steani, (2) the 
nt-ofi^ (3) t^e release or opening to the exhaust, (4) the compres- 
aon or cushioning of steam behind the piston. 

We have shown how to arrange for expansive working, and it 
remains to consider tlie causes which determine the periods of 
Dompression and release. 

Just as expansion begins when the outside edge of the valvo 
boe comes upon the outer edge of the port a, so compression 
begms when the inside edge of the arch of the valve comes upon 
be inner edge of the port a, and it is easy to draw a figure and 
repeat the calculation for the compression. 

When the point of compression is determined it is only ne- 
cessary to cross over in a diameter of the circle to the opposite 
Qicumference, and the point of release is obtained, which is as far 
fifom D as the point of compression is from h. Thus a first general 
idea of the motion is arrived at. 

106. Before going further two points may be noticed : — 

1. A single indicator diagram does not give an accurate 
measure of the work done, for the line ahcf records the steam 
pressure at one end of the cylinder, and the Xmtfma records the 
amount of condensation and compression at the same end, but 
toes not combine the steam pressure above the piston with the 
ncuum pressure below it, or conversely. In order to effect this 
object, which is what is really wanted, two diagrams are required, 
thich should be taken consecutively (usually on the same piece of 

■ paper) at the top and bottom of the cylinder. An inspection and 

measurement of the pair of cards will give a complete opportunity 

' of estimating the work done. It is common, however, to regard a 

lingle diagram as indicating sufficiently the general character of 

flie performance of the engine. 

2. The measurement of pressures is made from the atmospheric 
line, taken before steam is admitted into the cylinder of the in- 
dicator, and not from the zero line of pressures, as in the case of 
the theoretical diagram. This is simply a matter of convenience 
as it is perfectly evident that if the point w, for example, is at a 
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perpendiculai depth below the atmospheric line which would gi 
a reading of ii lbs. on the indicator spring, that informs us it 
the zero line is 147 — 11 below the point »», and that the ba 
pressure is 3-7 lbs. ; and it is, in fact, easier to look only to t 
number 11, and not to go through a process of subtraction, in ord 
10 arrive at the same result Of course, in any case, subtractM 
will be necessary when two bounding lines of the curve pass aloi 
upon the same side of the atmospheric hne. 

The average pressure of the atmosphere is taken to be : 

147 lbs. per sq, inch, 

sii6"4 lbs. „ sq. foot 

ag-gzz . , . . , inches of mercur}'. 

THE LEAD OF A VALVK 

107. In a previous article we have spoken of the indicatt 
pencil as being carried up to the highest point of steam pressm 
simply by compression, but it is obvious that such a movemei 
would sddom occur in practice unless assisted from without 

Accordingly, it is the rule to open the steam port, so as li 
admit fresh steam into the space where the cushioning isgoingoD 
just before the piston comes to tlie end of the cylinder, In sud 
a case the valve is said to anticipate or had the motion of ihi 
piston ; and the ' lead of a valve ' may be defined as the width 
opening of the steam port when the piston is at the end of in 
stroke. 

By giving lead to a valve a strong pressure is brought againsi 
the piston just as it is reaching the end of its motion in OM 
dhection, and the strain upon tlie crank-pin is corresponding 
relieved. Tlie more rapid the motion of the piston the greata 
the necessity for givmg lead, and accordingly we find that llu 
lead in a locomotive engine is very considerable. Thus Mi 
Clark, in his book on locomotives, gives 4^ inches as the trave 
of a Stephenson's slide-valve, the outside lead being -^ inch. 

The lead of which mention has been made is outside lead 
that is, it relates to the admission of steam ; but of course lea 
am be given on the exhaust side of the valve, and in that case t 
vould be called itisidelzsA. In 'iie case ol ^te^^t^^aa'a vain 
re inside iead amounts to i-fs ^"^^e^- 
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DIAGRAM OF WORK DOXE l\ ROTATING THE CRANK. 

108. The indicator gives a measure of the mean effective 
essure on the piston during a stroke ; and, supposing that pressure 
► be known, there yet remains the problem of investigating its 
ansmisaon to the crank shaft. It is common to set out a diagram 
fwork done in rotating the crank shaft, and to trace thereby the 
luctuations of driving pressure as due to the position of the crank 
md the obliquity of the connecting rod. Such a diagram may be 
riewed under different conditions. First, die pressure on the 
ision may be taken as constant ; that is, as having its mean value 
hioughout a stroke, in which case the diagram of work done upon 
he crank is symmetrical, or nearly so. But, secondly, there is 
mother way of looking at the question which is more complete 
ind accurate, and that is, to trace the outline of the diagram of 
»oA on the supposition that tiie actual pressure of the steam on 
ftie piston is transmitted at each point of the diagram. This second 
iMlliod involves accurate drawing and measurement, and the 
ttadent can easily set out such a diagram after comprehending the 
nindple on which it is constructed. 

To begin with an old proposition in applied mechanics which 
Bay be solved analytically as an exercise. 

105. Prop. — To find the work done upon the crank in a 
Erect-acting engine, fiiction being neglected. 

Here a force p, which we assume to be constant, pulls the end 
of the connecting rod d b, and turns the crank c b. Except at 
le dead points the line d b is inclined to d p, and it may be said 
Ui ihere is a force q pulling against p in the line d b. This force 
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IS a teacdon r petpendicuhi to one of the guVdft^ l^fecaon, 
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tea 

one in BD, and the other perpendicular to it, whereof the fon 
acts against n Hence, if b dc = ^, bcd ^ 8, we have 
Q = p cos ^ + R sin ^, 
also p sin ^ = R cos ?>, 

_ sin ^ "1 _ P 
cos ^ J cos ^ 
This result may be obtained more easily, but with less a; 
dation of the precise acrion which lakes place, by resolving Q 1 
directions parallel and perpendicular to d r , when 
Q cos ?• = p. 



.-. Q = P I 



cos ^ + - 



cos ^ 

= «, D B = i, then moment of force to turn the c 
_ pasin(9+^) 
cos^ 
e while c b moves through an angle i^ 
^ Pflsin(e+'A} ,„ 



k = Pfl /' - 



-/ 



"♦"-v/'-jT"*"' 






the int^ral being taken bet:ween the limits =s o, = ir. 

It is well known that this result might have been arrived at 
directly, and without any calculation, as an application of d* 
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^^prindple ,of work. For, adopting the notation of the previous 
proportion, p x 2 a is the work done upon the piston in one 
tfroke, and p x 2 ^j; is also ^ the work done upon the crank- 
pin in half a revolution from one dead point to the other. It 
may, indeed, be said that no amount of symbolical reasoning can 
establish the proposition more conclusively than the simple state- 
ment that it follows as a deduction from the principle of work. 

no. The diagram of work done in rotating the crank, in the 
case where friction is entirely left out of consideration, may be set 
out as follows : — 

I. Let the obliquity of the connecting rod b d be neglected, 
or let B D be supposed to remain always parallel to d c. 

Then ^ = o, /. cos ^ = i, and q = p. 

In order to construct the diagram of work take a line equal in 
length to the semicircumference of the circle ace and divide 
it into ten equal parts. Erect perpendiculars at the respective 
. points of division such that each in its turn represents the 
resolved part of p in a direction at right angles to c b, and mark 
off the numbers against these perpendiculars. 

For example, when b has described y'o ^^ ^^ semicircumference, 
p sin = P sin 18°, and the remaining values of are 36°, 54°, 






let 






CA = I, and p -=■ 100, and let b describe -j^, 
... of the semicircumference. Then 
p sin 18° = 100 X '3090 = 30*90, 
p sin 36° = 100 X '5878 = 5878, and so on. 
In the diagram the numerical values of these 
magnitudes are assigned, and the curve, passing 
through their extrem.ities, encloses an area which is 
the diagram of work done upon the crank in a ^°°*° 
semi-revolution. 

According to the proposition in Art. 109, the 
area of this diagram should be p x 2 c a or 200. 
Now, the mean value of the ten perpendiculars, 
begmning at o and ending at 30*90, is 

63 1 '38 



o'o 

30-90 
58-78 

80*90 

95*" 



95*" 
80 '90 

58-78 

30-90 



o'o 




of 



10 



or 63-138. 



Fig. 81. 



Hence work done = 63-133 x 3-1416 = 198*354, v/hich 
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approaches very closely to 200, and would be exactly 20c 
arithmetical computation were capable of being extended to si 
divisions as minute as those allowed for by tJieory. 

Let the obliquity of the connecting,' rod be taken ii 
iccount, and let c b =: ii, b d ^ ^, us before. 

We here refer to Art. 73, Cor. 4, where it is proved that 
sin ^ c 



dx^a 



Olid H 



'do. 



■./Fdx= a/p sinfl 

or work done 5= p x : 



tanfl ^ ' 

g /-Man^ j^^ 

/ tanfl 



I 



This mode of setting out the analysis shows that the diai;ra; 
Df work given, on the supposition that p remains always parallel I 
itself, is subject to correction when the inequilil 
of motion caused by the connecting rod is lab 
into account. But the correction becomes zeroi 
every case, for the area of the diagram of work i 
certainly p x a a, so long as p remains constant 
The suppositions made previously are retaino 
in this example ; thai is^ a = i, 3 = 6, p is con 
stant, and friction is neglected. The respec 
tive perpendiculars are varied as marked ; tha! 
30'9o is changed to 35'8o, and so on, the com 

nonent of p being -^HLLjLSi insteadofpsin) 
•^ " cos ^ 

as heretofore. But the variation is not large undB 
FiQ. 82. ordinary circumstances, and the Uvo curves ffl 
contrasted by the superposition of the dotted line which bound 
the area on the first hypothesis. 
Also the mean of the ten values, 
^K o, 35-8o, 66-76 .... 26, is 63-138, as before. 

^V There yet remains the actual case occurring in practice vbOl 
^> raries at each point at the sttote, as recorded by an indicaW 
diagram, and the effect is \o s^ice dt VoWwi Qu>L>iL\m'yt^ga?jf!ad 
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ie symmetrical diagram from tlie point where expansion begins ; 
bd this can be done, if desired, without difficulty. 

III. Connected with this subject, and forming part of it, is the 
idmation both of the tangential pressure upon the crank and of 
he thrust upon the axis of the crank shaft, friction and the inertia 
f the moving parts being disregarded. 

Since the force Q, or , acting along the connecting rod can 

cos 

le resolved at once into its components, 

^'^^^^'^"h along c B, 
cos 9 

and ^ ^^^ \ "^ ^) perpendicular to c b, 
cos 9 

can infer the pull or push along c b at any instant of the stroke 

f veil as the pressure acting perpendicularly to c b and tending 

produce rotation. The diagram of work sets out the latter 

;, and a corresponding diagram may be constructed for 

pressiures in c b without difficulty. 



ESTIMATE OF WORK DONE WHEN STEAM IS EXPANDED 

IN THE CYLINDER. 

112. Having discussed the general character of an indicator 
I, as taken from a double-acting condensing engine, the 
step is to estimate the area of the enclosed space. 
In the case of a theoretical diagram, where the curve of ex- 
don is that given by Watt, the true area can only be ascertained 
a mathematical process. The calculation is now given, and 
who are unable to follow it may take the result as 
iblished. 

To find the work done in each stroke of an engine where the 
hleam is supposed to expand according to Boyle's law : 

Let c H represent the steam cylinder of an engine, p r being 
hi piston. 

AlsOy let c D = /, c E = d5, or the space described by the 
piston before the steam is cut off. 

cp s ;«?, A = area of piston,/ = pressure of sleaxxL 

U2 
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Then work done through c&^ss^Kpa, 
Also pressure of steam on piston at p = ^-^ 



/. work done through space //^ = ^^f^dx. 

X 

/dx 
— from ^ = £?, to a: = / 

= A/ £7 log. - 
a 

/. Whole work in one stroke = a/ « < i + log. - S , (i/l 

This is the theoretical expression for the work done by W 
steam on one side of the piston, and no account is taken of 

back pressure from uncondensed vapour on 
other side. In practice the mean back pre 
should be subtracted from the mean foi 

pressure, viz., ^— Ij •{. log. -J, and the resiiiti 

will be the mean effective pressure during oi»|_ 
stroke. 

Cor. I. To find tlie horse-power, or the woriPj 
H done on the supposition that 33,000 foot-poi 
Fig. 83. per minute is the unit of work, we multiply ex-' | 

pression (i) by the number of strokes (say n) per minute, and 
divide by 33,000. Thus, 




Horse-power = 



xpna 1 1 + log. -| 



33,000 

It is a common thing to ascertain the mean pressure of 4e" ' 
steam per stroke by measurement, much as Watt found it, and iBj 
such a case : — 
jT _ Area of piston in sq. inches x mean press, x gj 

~ 33>ooo 

Cor. 2. If _ = E, or the steam be expanded E times, we hai 



a 



work done =^^l \ -v\o^.^v^ 
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Cor. 3. In practice there is a vacant space between the 
qrHnder cover and piston at the beginning of the stroke, and also 
there is a definite space occupied by the passages leading to the 
TOlve ; taking the whole content so regarded as equivalent to the 
Tolume cut off from the cylinder by a plane parallel to its base, 
and at a distance c from it, we have 

— 



= A/{a + (a + .)log.i±i} 



limits being / + ^r, and tf + ^r, instead of / and a. 

In applying these formula it must be noted that the S3rmbol 

/ represents the Napierian logarithm, and not the logarithm 
10. The two kinds of logarithms are connected by the 

Ltions 

Log. n to base 10 = '434294819 x Nap. log. «, 
Or, Nap. log. n = 2*3025851 x log. n to base 10. 

The following results for Napierian logarithms are useful : — 



2 = -6931472 

3 =s i'p986i23 
4=1-3862944 



Log. 5 = 1*^094379 
Log. 6=17917595 

Log. 7 = 1-9459101 



Log.. 8 = 2-0794415 
Log. 9 = 2*1972246 
Log. 10 = 2*3025851 



113. It will be instructive to reciu: to the theoretical diagram 
out in Art. 19, and to find its area according to Watf s method, 
weU as by theory. 

Divide the stroke of the piston into twenty equal parts, and 
iceive that the steam pressure remains constant throughout each 
ion, having (i) its value at the end of each respective division, 
(2) its value at the commencement thereof. Then multiply 
assumed value of the steam pressure into the distance between 
jliro consecutive divisions, and we shall obtain a series of rectangles 
■epresenting work done, and lying within the curved line on one 
fcypothesis, but overlapping it on the other. Let these be dis- 
mguished as inside and outside rectangles respectively. The 
toiessures up to 5 are all equal, and each interval is unity, whence 
Ifae pressures are as follows : — 
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Press, at II = i»y = '4345 
12 = ^ = -4167 



= -357' 



15 = A = '3333 

16 = VV = "3"S 
'7 = -^^ = ■*94' 

18 = A = -'h! 

19 = tV = ''fis* 



6 = -g = -3333 
7=7= 7143 
8=1= -625 
. 9 = ^ = 'SSS*^ 

10 = T^ = -5 
Hencearea with inside rectang!es = 11-572 . . (i) 
Also sum of pressures from 6 to 19 = 6.322. 

.■. area with outside rectangles = r2'3za . . (1) 
But the true value of tJie area is, by the formula, 5+5 log. 
And log. 4 = I ■3862944 ,-. s log. 4 = 6-9315 

whence tmevalue of area = 11-9315 . . (tf 
The mean pressure of the steam in each case is deduced' 
dividing tliese respective areas by zo. 

Hence on ist supposition, mean press, of steam = -5786. 



and 
3rd 



: -6161. 



= ■S9t'S- 

Thus Watt's estimate, the Uttle inaccuracies in Art 19 b 
b^en corrected, gives -5786 as the mean value of the steam jal 
sure, while the theoretical true value is -5965. This shows 
may be done by taking pains and subdividing sufficiendy, so 
to estimate by small rectangles. Watt's method is comDiM 
followed in practice, as it is very simple and easily carried ow 
Further, we remark that the difference of pressure between^ 
two consecutive divisions continually diminishes. This fact is |*9 
sented to the eye by tlie form of the curve, which continually t™ 
to become more nearly parallel to the line of volumes. 

The differences between the pressures at 5 and 6, and 6 
and so on through the series, are : — 

■1667, -119, -089, -0694, -0556, -04SS, -0378, -0321 
-0275, -0238, -o2o8, -0184, -0163, -0146, ■0132. 
Whereof the last difference is a\>o\A -J^ ol fee t.ta.. 
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INDICATOR DIAGRAM OF ATMOSPHERIC ENGINE. 

114- We pass on to discuss the performance of an engine by 
teference to an indicator diagram taken from it, and shall com- 
mence with an atmospheric engine. The card is taken from the 
cdiection of steam diagrams. 

A scale of pressures, showing the strength of the spring of the 
iDstniment, should always be marked or recorded on the diagram, 
and is here noted on the vertical line at the left hand of the 
sketch. 

Also we require to know the diameter of the cylinder, the 
length of stroke, and the number of strokes made per minute. 
The product of the number of square inches in the area of the 
piston and the length of stroke, when divided by 33,000, forms 
what may be called the piston constant for the engine, and the 
hoise-power is then obtained by multiplying the piston constant 
by the mean pressure of the steam and the number of strokes per 
minute. 
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Fig. 84. 

In the present example the steam pressure never rises above 
o, which here marks the atmospheric line, and, as before, horizontal 
lines represent volmnes occupied by steam in the cylinder, or 
otherwise the amount of travel of the piston, for one measure is 
identical with the other. The diagram is intersected by ten vertical 
lines at equal distances, dividing the length of stroke into ten 
equal parts, and the first thing to be done is to determine the 
mean pressure of the steam in each of these divisions. An 
estimate of this kind is to some extent uncertain, and the results 
are marked on the diagram, in order that the student may verify 
the conclusions for himself. In doing so he should remember 
that the outlines of the curves cannot be copied with any great 
accuracy, and that some corrections may appear desirable. 
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Referring; to the diagram, the action of the steam is 
intelligible. The pressure is maintained during the upwards! 
but tiiere is a loss at the commencement duo to the 
*ater which remains in the cylinder. On the downward strokel 
condensation is imperfect at first, but improves aftenvards, and 
pressure of vapour in the cylinder never falls quite solowassH 
which would be called lo lbs. vacuum according to the usual 
of estimating it. 

Adopting the numbers as printed and adding them togetin 
we find that their sum is 73'5, which, when divided by lo, pf 
7'3S as the mean effective working pressure on the piston in poun 
per sq. inch during a stroke. 

The dimensions of the engine and the rate at which the pisM 

moves are now to he taken into account. In our examplt 

diameter of the cylinder is 72 inches, the length of the stroke 

8 feet, and the number of strokes per minute is 10 ; hence 

Area of piston = 4071-5 sq. inches. 

Travel of piston per minute^ 8 x 10 feet 

Indicated horse-power = ^J^S x 4°7£5 x 8 x ic 
33,000 



INDICATOR D1ACR.4M OF SINGLE-ACTING ENGINE. 

115. In the single-acting engine two diagrams must be taki 
one from the top and the other from the bottom of the cylindtt 
These diagrams are quite unlike in fonn, for the action during (ht 
down stroke is not repeated during the up stroke, as in a donbl^ 
acting engine, and our first task iviJl be to comprehend the reasos 
of the particular conformation observed. For this purpose re; 
ference is made to a diagram taken from a Comish pumpng 
engine, having a cylinder 70 inches in diameter, and making i( 
strokes per minute, undera mean pressure of is'i lbs. per sq. indl 
The figure is reduced from one on a larger scale, so that tht 
indicator spriiig would extend one inch on tlie reduced diagram 
for a steam pressure of 40 lbs. per sq. inch. 

One card is taken from the top and the other from the bottoa 
nfthe cylinder, and each nmatbe luVfer^icXei'wivv&iM.-^^ 
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^ far as the upper card is concerned that figure indicates the 
Lud cut-off of steam, together with the opening of the 
IHmum valve, which corresponds to imperfect condensation in 
formal diagram. The lower card has reference to the state of 
^ below the piston, where the equilibrium and exhaust valves 
Opened consecutively. 




Beginning at the point a, with the piston at reit at the top of 
cylinder, we note that the pressure rises until the down stroke 
imences when the steam line b c d is traced out. The portion 
is horizontal, and the cut off takes place at c It is common 
the steam line bc to drop considerably before the cut off 
ins, especially in large engines, Tlie line d e indicates that 
equilibrium valve is opened, and that the steam pressure has 
;n somewhat diuing the circulation which takes place. At 
point E the equilibrium valve is closed, and compression cr 
hioning begins, just as in a double-acting engine. .\t the point 
tie piston is coming to rest, and there is a drop in the cur\-e, 
Kb is often much more marked than in the present example 
I which indicates loss of pressure before the down stroke begins. 
ii loss would be due to leakage of the compressed steam round 
[circumference of the piston or perhaps to loss of heat 
'Aj to the lower card, the nearly horizontal line li a shoivs that 
! equilibrium valve is opened. When compression begins at i;, 
6ve the piston, expansion will also begin to much less extent 
low it, and there will be a slight drop towards the end of (5 a. 
herwise the lines d e and i a nearly coincide, and would do so 
Bolutely, if there were no disturbing causes at work ; but the 
kgram shows some difference of pressure at iW two eais cJl 
f cylinder wht-n the equilibrium valve is open. 
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With regard to work done, the piston is driven down by ll 
steam from above it, as opposed to the back pressure of ft 
exhausted space underneath, and that part of the action is fuS 
determined by comparison of the hnes BCD and dc. 
whole work done by the steam in the double stroke is, accordin| 
to our principles, obtained by a careful measurement of the ares 
of the enclosed figures. 

At first sight the student might imagine that the horse- pot 
be calculated by simply noting the pressures indicated by the siean 
and exliaust lines, the cutting away of any part of the intennediaH 
area — as by compression, or by want of coincidence of the lines d: 
and b a — affecting only the up stroke when the weight of the pua^ 
rods is tlie moving force. But a little consideration will showi' 
such a notion is erroneous, and that the compression of steam il 
the up stroke and the resistance to the motion of the piston due 
inequality of pressure when the equilibrium valve is open mia 
be deducted from the total efficiency. The steam opposes tin 
piston in its ascent to some degree, and this gives rise to nt__ 
work, which must be deducted from the positive work accomplisbd 
in the down stroke. In other words, during the down strolte 
steam does the work, and during the up stroke work is doneupM 
the steam. 

It follows, therefore, that the portion of unoccupied ^ 
between the two intermediate horizontal lines is a veritable sab 
traction from the efficiency of the agenL 

!i6. We pass on to calculate the horse-power in the c 



':„ 


V 


W 


>- 


»i] 










° \ 


JS 


3-75 4 


£ 




ST 


k. 


S 


i75\ 



a sngic acting pumping engine, \ia.Vm^ a. cn'jXvaiesv 



Ll 



Indicator Diagrams. 171 1 

1 stroke g-ifiS feet, and making 7^5 strokes per 



Eav^er, with £ 
(mute. 

Referring to the diagram where the steam pressures are noted, 
pd taking each group of numbers in order, there is, above the 
tmospheric line, a series amounting in all to 56'S. Below the al- 
iospheric line the first series amounts to 48'g, and the second 
tries gives 393. 

j Hence mean pressure of steam =-^ (s^i'S +48'S + 39'3)= •4'43 
I ._ H.P. = ^4-43 X 3 -Ht59 X 56 X 56 X 9 -16 6 X 7-5 
j " ' ' " 33iOoo 

= 296-5. 
I In an example of this kind the answer is very readily obtained 

Ise of a table of logarithms. 
I: 
lb 
f 



: In illustration of the mode of estimating the work done 
1 double-acting engine we go back some thirty years to an 
mple from a |)Owerful oscillating cylinder of a marine engine, 

thich may give an idea of the performance commonly accepted 
efore the days of compound cylinder engines with high pressure 



uid 






The engine was composed of two cylinders, each 82^ inches 
liii diameter, with a stroke of 6 feet, making 14^ revolutions per 



It would be described as a pair of 250's, meaning that 
j «Mi cylinder was of 250 H.P., according to a nominal scale then 
|j siipted, hut now almost, if not quite, obsolete. 

H!tasa^e is not maxked on tJjc diagram, but t\ve staie^^-"''^ 
irA approxinintdy from the values of the steam ^lesSQiea 



I 
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above the atmospheric line at the respective divisions, which are 

4"S. 4"5. 4*45. 4'35. 4'3. 4'3. 4'i. 27. '6. 
stopping at the ninth division. 

The so-called vacuum pressures are estimated as follows: — 

8-8, ro-8, ii-z, 11-3, 11-3, 11-4, 11-4, 11-4, 11-5, 10. 
Hence the sum of pressures = log'i -t- 33-8 = r4a"9 ; 

mean pressure = I4'29. 
It is recorded on the card that the steam was blowing off, and 
that the barometer gauge of the condenser stood at 26^. 

WIRE-DRAWING AND CLEARANCE. 

118. Among the causes which deteriorate from the perfectioii 
of an indicator diagram one is that of wire-drawing. This tenn » 
intended to convey the idea that the pressure of the steam is 
attenuated by obstacles which impede its passage. 

The effect of wire-drawing is to cause a gradual decline ot 
subsidence of the steam line. It is commonly seen in the indi- 
cator diagram of a large Cornish pumping engine. The cubic 
content to be filled by tlie steam increases so rapidly as the piston 
descends that the steam pressure can hardly be maintained. 

Again, it will have been noticed that the definite well-marked 
angle at the point where tlie curve of expansion leaves the hen- 
zontal line of steam pressure is seldom to be noticed in an actual 
diagram, or certainly not in an engine worked by a slide-val« 
. and eccentric In sudi 
a case the valve closes 
gradually, and the out- 
line becomes rounded 
at the point of cut-off- 
This rounding at the 
, point where expansion 
begins is also market) 
' in diagrams where the 
valves are lifted bj 
IS, as m the annexed figv^e, -wtedx'is ^s^Lfttifeowi m. ct^k bf 
!>a/rn & Sons, having the J6\io-w\tx£^iartvoiiM^v- 
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Diameter of cylinder . . 40 inches. 

L.ength of stroke .... 6 feet 
Number of revolutions . . . 25 per minute. 

Steam is admitted a little after the crank-pin has passed the 
dead centre, and is cut off at '45 of the stroke. The lead of the 
exhaust is f inch. The valves are double-beat or balanced valves, 
and the e^diaust is kept open during the whole stroke. Here, 
teefore, there is no compression; and to obviate the sudden 
strain on the crank-shaft from admitting steam while the piston is 
at the exact end of its stroke, the curve is cut away along the 
bounding vertical line, instead of before reaching it, as in the case 
of the locomotive engine. 

• The diagram tells at once what is happening by the litde tail 
It &e point A. Then comes the rise of steam pressure and a 
snail jump of the pencil at b. There is also, to a small extent, 
wire-drawing, as shown by tlie gradual drop of the steam line 
between b and c ; and there is a small rounding at the extreme 
end of the upper steam line, showing the lead of the exhaust. 

According to a scale of the strength of the indicator spring 
the mean effective pressure on the piston is 11-5 lbs., the vacuum 
being 13 lbs. 

119. Hitherto it has been assumed that the travel of the piston 
is exactly equal to the length of the cylinder, but in practice the 
piston does not come home to the cylinder cover at the end of a 
stroke, and a certain empty space or clearance is left between 
their respective surfaces. Also the steam passages leading from 
the valve to the cylinder increase this ineffective space, which 
njust be filled with steam before any work can be done. The 
cubic content thus occupied, which causes waste when the steam 
is perfectly exhausted, but forms no part of the real working 
cjrlmder, is called the clearance. It may be estimated in terms of 
the content of the cylinder by assigning a length thereof (say c) 
which determines its volume. Thus, let a be the area of the piston, 
then A ^ is the clearance. But for simplicity it is common to call (c) 
the* clearance,' especially in analytical calculations of work done. 

The tendency of compression or cushioning is to eliminate the 
^aste due to clearance. The steam compressed at the end of the 
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stroke behaves like an elastic spring and gives out dunng n- 
pansion the work expended in compressing it, whereby it obviate^ 
as &ir as it will go, the waste of boiler steam. 

The effect of cleajance on the indicator diagram is to lift 
curve of expansion in some degree. 

Thus, let AN be the travel of a piston, oa the cleanmc^ 



where o is the real 




Fig. 89. 
before, and are in fact represented hyp m, 



from which volumes are measured 
Neglecting clearance, we should assume 
that the volume a d expanded accord- 
ing to Boyle's law, and on this sup- 
position B p R would represent the line 
of pressure, whereby if ad ^DM=iii 

we should have pm= — ,nr = — 
2 3 

But since OD is the true volume cf 
steam undergoing expansion, it 
evident that tne true pressures at 
and N are somewhat greater than 
N, siich that 



vol. O M VoL O N VOL O D 

In other words, let vol. a d = v, voL a=v, and let_^ be tl 
pressing at b. 

If there be no clearance, pressure at m ^ " 



But with clearance, pressure at m 



- pjy-^v) 



= c ) i -\- JL l, neglecting —J. 



The amount of clearance which is to be allowed for in pi»c- 
tice may be set out upon an indicator diagram by drawing 1 
^"~" JJine similar to the dotted \vcie\n fe%. tj-iiW^i t^;^ji*j\^it 
3 Jine from which votames axe W; " 




ndicalor diagrams in fig. go are intended to give an 
effect now referred to. They are taken from a. blast 
tiavirg a cylinder 43 
diameter, with a stroke 
3 inches, working at 14 
er minute. The smaller 
with the less perfect 
line, was taken when 
an excessive amount of 
, the cut-off valve being 
the steam-pipe, whereby 
n contained in a side 
steam-chest expanded 
valve was closed, Tlie 
clearance has been to raise the expansion ciin'e in the 
lointed out in the previous investigation. That such is 
will be rendered more certain by reference to the second 
which is the card taken when the two valves — viz., the 
d cut-off valve— were replaced by a smgle valve lifted by 
ad placed dose to the cylinder. The expansion curve 
nee by reason of the diminution of clearance, 
ust be noted that the pressure of the steam is not tiie 
the beginning of the stroke in the respective diagrams, 
; point of cut-off exactly the same, so thai the comparison 
lerfect; but we see that clearance must be allowed for in 
g the expansion curve of an indicator diagram, and that 
; the information given is entirely deceptive. Another 
that excessive clearance diminishes tlie excellence of the 
by reason that the condensation is less perfect when a 
f steam is lodged in the passages. This is apparent from 
■ams, the vacuum having improved from 9 lbs. in the first 
[o'9 lbs. in the second, solely from the lessening of the 
if clearance. 



HBei 



EXPANSIVE WORKING OF STEAM. 



I acainple suggests a connection between &£ sxiiieO. cS- 
ODd that of expansive tvoriirgas carried ou.t'bv^^^''^^^ 
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valves. It will be understood that expansion o steam A 
provided for :— 

1. By putting lap on a slide valve, whereby a fixed i 
expansion is secured. 

2. By employing foiu- independent valves lifted by cams, vi 
two steam and tivo exhaust valves. Here the expansion can 
regulated mthout any difficulty, all that is required beine 
change the cam-steps Tor different grades of expansion. 

3. By employing a separate expansion valve, placed behind tl 
ordinary slide valve. 

This method will be understood by referring back to fig. 6 
where a double-beat valve, acting as an expansion valve, is shoi 
in combination with a slide valve. The latter has scarcely a \ 
lap, and contributes nothing to expansive working, its functil 
being merely to distribute the steam on its way firom the slide ci 
to the exhaust. The double-beat valve would probably be lift( 
by a cam, and would regulate the passage towards the slide valF 
being opened or closed at ivill, and at any desired period of ill j 
stroke. It does all that is required for cutting off the supply cT 
steam, but it labours under the defect that it causes a 
addition to the amount of clearance which is inherent t 
of a slide valve. The waste of steam now comraejices a si 
further back, and is reckoned from the valve a b c d, instead a 
from the slide valve. It has consequently been acommon prai 
to retain four valves for distributing the steam in a double-acdl 
engine, according to the method originally practised by Wat^ 
Each of these valves may be opened and closed by c 
period of the stroke, and they give 3 power of carrying out e: 
sive working with great facility. 

If, on the other hand, a combination of a slide valve widi ^ 

separate expansion valve be employed, it is essential that 1i 

latter should be placed as close as possible to theformer, orinds 

should form part of it, as in the following instance, which illust 

an excellent mode of providing expansion, viz., by a baek a 

valve. 

Such a valve is shown in the drawing, and is marked H. 

We have here the cylindet, vri&Vte s'^.'SKk-^o^ts and educti 
a the repeated exanvyXca. "isis>\*»fi. cS. m. <3iS-«asi'a 
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I Valve. 



hralve there is a box with steam passages and an arch for 
giiig over the interval between the steam and eduction ports. 
l,apparent that on lowering both this box and the supplemen- 
block behind it, marked h, the steam will enter the top of the 




pa^^hd will escape from the bottom of it in the manner pre- 
isly described. Whereas on raising the block h no more steam 
\ enter ll'.e upper port, and an effectual cut-off is the result 
The back of the valve as well as the face of it will be plane 
ioces, and, by properly adjusting two eccentrics connected with 
valve and with h respectively, it is possible to provide for a 
r^ff at any part of the stroke, and to do so with scatceV'j kdn 
ifc of steam other or greater than that which would otcui wVCcv 
JvaJre. 



jsgfe/'iai 



J 



IJS 



T/ie Steam Engine, 



The effect of expanding in different degrees is marked on 
diagram by way of illustration, and requires no special expl 
tion after the previous remarks, but it is necessary to notice 
stuffing box and gland for keeping the piston rod steam-tight 

This is an improvement upon Watt's method, which is 
in fig. 9, as it appeared in his patent of 1782. The stuffing 
marked e e, is provided with a brass bush at the bottom of; 
which is bored to fit the piston rod. An empty space is left 
packing, and a gland, d d, with a brass lining, is screwed down^i 
as to compress the packing and tighten it round the piston, 
top of the gland is formed into a cup for oil, and this compl 
the arrangement 



FURTHER INDICATOR DIAGRAMb. \ 

121. In a diagram taken from a locomotive engine the periol 
of expansion, compression, and release are often well marked, 1 
confirmed by the following example, which exhibits saccessii 




Fig. 92. 



stages in tlie modification of the indicator figure. The engia 
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ilrcnnclensisg, the atmospheric line is below the whole 
:ea. 

e the digram is intersected by three vertical lini 
inces, and tejiresents a species of theoretical curve. The 
IB is maintained during the first third of the stroke ; then 
I release, exhaust, and compression in the order 
5 extent marked. 

tolerable copy of an actual diagram given to the 
Ere the boiler presaiu'e was laS lbs., the diameter of the 
^17 inches, ivith a stroke of a feet. The train was dc- 
s consisting of fifteen carriages, and was just starting, 
e periods in question arc extremely well defined. 
tiere the three periods are still defined, but the greatei 
) of the engine causes them to lose much of their distinctive 
icter. The boiler pressure is still 12S lbs., but the speed is 
miles per hour. 

4. The boiler pressure is marked at 123 lbs., but the speed of 
piston lias quite swept out the characteristics of the steam line. 
s now running on a level line at 58 miles per hour, and 
cprincipal effect to be seen is tlie jump of the indicator pencil ; 
t, taking the dotted line as an approximate mean, it is appa- 
at that cut-off, expansion, and release are hopelessly blended 
jether. 

. As an illustration of the necessity of providing in the 
sign of an engine for effective condensation of steam, we refer to 
limple illustration. 
Some thirty years ago, in the iron district of South Stafford- 
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Fro. 95. 
iicator diagram taken from a mill t 
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H.P., having a cylinder 42 inches iu diameter, with a 7 feet MM 
gave the result shown in (ig. 93. The engine took steual 
about 19^ lbs. pressure, which was maintained nearly imifii 
to the middle of the stroke, falling only to about 17^ lbs., and I 
then reduced by wire-drawing to 6 lbs. The average vacuum 1 
t\ lbs. below the atmospheric line, the lowest point attained bo 
5 lbs. This is made very clear by the outline of the diagram. ■ 
course such a performance was moat defective, and accordiii^ 
careful examination was made into the construction of the en^ 
when it was seen that die steam and eduction valves, as well as I 
thoroughfares or passages, were on too small a scale. The a 
denser b d was of insufficient size, and water was admitted into 
by a simple opening, a, witliout any pipe or rose for throwing! 
a divided stream. ■ 

The conclusion arrived at was to remodel the valves and ste 
thoroughfares as well as the condenser. The engine was wori 
by four Cornish valves, so that it was easy to supply others 01 




ih 



94. M 

the steam and eduction valv^H 
a inches in diameter, and th^ 



Fig. 94. 
kiger scale, and accordingly the steam and eduction val?^ 
enlarged from 7 inches to la inches in diameter, and t 
marked e was similarly altered. The condenser was improved 
the addition of a supplemental chamber, c, and an injection p 
with a rose, p, was introduced. Otherwise the construction of 
engine was undisturbed. 

The altered form of the indicator diagram at once shows ' 
g^m of power, The largest portion of tlie area of work dtdll 
fceJowthe atmospheric Vine, vd^tEaio^^wim^aiKbNB.xV'ivivaai 
averaging a very little over 10 W^./m.a'sKa.iia'v odi.-^ iV&si, 
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pressure commences at 8 lbs., and averages 5 '4 lbs. through- 

e stroke. It is instructive to note the gain of work imder 

conditions, and we can form a general idea at once from 

increase of effective pressure below the atmospheric line. 

rin the first case it was found that a mean effective pressure of 

(. from steam and vacuum combined gave 190 horse-power; 

in the second case there was a gain of 7*43 lbs. from conden- 

alone; whence it followed that the actual gain was to 

fcfi.P. as 7*43 to 19 ; that is. 



7*43 
19 



X 190 H.P., or 74 H.P. 



^ 123. As an additional illustration two indicator diagrams arc 
Ipended, which were taken from a direct-acting horizontal engine 
WYoolwich. In the one diagram the engine was working much 





Fig. qi;. 

II its ordinary manner, and the curve of expansion is well marked ; 
mt in the other the condenser was leaky ; and in order to keep 
he machinery in action it was necessary to maintain the steam 
nessure nearly to the end of the stroke, the contrast between the 
^ diagrams being here greater than in the example first com- 
bented on. 



PROTECTION OF THE CYLINDER. 



124* ITiere are three conditions of the steam cylinder in the 
•orking of an engine : (i) it may be entirely unprotected by any 
aovering; (2) it may be coated with felt and wood 01 som^xvoti- 
jooductii^ material: (3) it may be steam- jacketed, tJci^ \2.0«X 
^If being covered with a i3 on -conducting material. 




The Steam En^ne. ^ 

. It seems clear tliat tlie first mode of working is wrong 
in order to impress ihi 
upon the student we n 
the annexed diagram, 
shows tiie expansion a 
steam in an imperfecd 
tected cylinder, as cont 
with the trae theoretical 
which would have 
sponded with the wefi 
steam found in the cy 
at the end of the stroke 
tlie diagram a b c repri 
;ain, and D c that which s 



Fig. 96. 
the actual expansion cu 
have been the expansior 



I casi 



'e of the SI 

curve if the walls of the cylinder ha 
Iracted nothing from the work done. The steam loses pn 
on its entrance by the chilling of the colder metal, and there 
fmraediate drab upon the molecular motion within the cyl 
on which we rely for the movement of die machinery on 
The escape of heat, from whatever cause it may arise, is a 
subtraction from the efficiency of the working substance, a 
the present day it can scarcely be necessary to marshal a 
reasons to be urged against such a practice, 

2, The second case is where the cylinder is coated with 
non-conducting material, and here it is essential to remembe 
steam cannot expand and do work behind a piston without 
in temperature. If the steam enters the cylinder direct fro 
boiler, as is commonly the case, it will be saturated, and redi 
of temperature will cause partial condensation. 

As the expansion goes on it appears that the temperature 1 
steam will fall below tliat of the surface surrounding it, and to 
the end of the siroke the heated metal will boil off the wafc 
posited and send it out as steam into the condenser. By su 
action steam will have passed through the cylinder without 
work. A cylinder of metal may be covered with anon-condi 
casingi but it remains a large metallic mass, and it is impossil 
reason about it as if k were nol ^Xero^xA-^ W'ss.wi and c 
the working of vHe e\\^me. \\. -sa.-i -Cwa ^ttKtMS.O 
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irt cooling which Watt strove to eliminate by a separate con- 
jnser and a steam-jacket In the last diagram the curve of expan 
on appears to rise more than is usual towards the end of the stroke, 
id this indicates, as clearly as if the thing were spoken in words, 
lat the steam which has been condensed by chilling is evaporated 
jf the walls of the cylinder towards the close of the stroke, 
j. Adopting a view similar to that now referred to, Mr. Cowper 
ps pointed out that, with high expansion and a marked difference 
p temperature at the beginning and end of the stroke, the cylinder 
somewhat as a condenser to the entering steam, and as a 
just before it escapes. That this is so became apparent 
an experimental trial, where a glass tube closed at one end 
fitted to the non-jacketed cylinder of a high-pressvure engine 
expansively. Mr. Cowper found that the steam condensed 
a doud inside the tube at the beginning of each stroke and re- 
irated before its conclusion. He then brought a shovel of 
coals pear the tube, and the heat of tlie fuel effectually pre- 

condensation, for it acted as a steam-jacket 
The point is, that no covering to the cylinder would raise its 
ture permanently to that of the entering steam, for the heat 
ited on condensation would not remain, but would be carried 
y afterwards, during the re-evaporation. 
3. The last case is that where the cylinder is covered both at 
kits ends and sides by a steam-jacket, the external casing being also 
lirotected by a covering of non-conducting material. Under these 
fcircumstances the walls of the 
(^linder may be kept nearly as 
kot as tlie entering steam, and the 
chiUing effect of the metal surface 
is to a great extent eliminated. 
Enough has been stated in the dis- 
cussion on heat engines to demon- 
strate the serious waste of heat 
which is inevitable with even the 
best-constructed engines, and it 
is a clear advantage to get the 
2;reatest possible amount of work 
>ut of the steam just at the precise instant when it is in action. 




Fig. 97. 
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'I"liere is no known material which is insensible to the acti( 
heat ; that is, which cannot be warmed or cooled, and wliit 
not conduct or radiate heat Of necessity a cylindei 
metal, a material peculiarly sensitive to changes of teraperaW 
and possessing every quality, except strength, which we shoi 
prefer not to find in it. It would, therefore, appear that the mi 
reasonable course would be to enclose the cylinder in a t ^ 
envelope, which may serve to maintain its temperature at a hi __ 
level and to supply the heat which is otherwise escaping. 

Mr. Cowper has brought before the Iron and Steel Institi ~ 
several valuable observations on the utility of a steam-jack ~ 
and he has illustrated his remarks by reference to indicator dj ^ 
grams taken from cylinders with and ivithout steam-jackets. Ti "^ 
card (fig. 97) was from an engine with a steam-jacket overtl 
ends and sides, and the curve of expansion was nearly that giv( 
by theory. Towards the end of the expansion the true 
is represenied by the dotted line, and it appears that the 
expansion rises above it, showing that the steam was a litde 
heated by the hot casing. Several diagrams wereadduced, whic 
came pretty much to a repetition of that given above, the poifl * 
being that the greater the amount of expansion the greater 
the loss of work from the absence of a steam-jacket. 

DIAGRAM FROM A CORLISS ENGINE. 

125. Aform of engine was introduced some thirtyyears ago fc| 
Mr. Corliss in the United States, and has worked succ( 
nlthougb the arrangements for actuating the valvi 

complicated. The only point W 
which reference is made is tbe 
form of tbe indicator diagram, t 
taken from engines of this type. 
Without attempting to d^ 
scribe the engine, we may ssjr 
that it works wth two steam and 
two exhaust vab 

T;\ve waaiQ. 'raWes arc csf 




tremely rapid in their act\ot\ ■, iWev 3 



; o^itTiti, "sVuKi "SKAa ' 
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Itrol of springs, like the hammer of a giin, and they move 
lenly into the position of being fully open. They are closed 
ake manner and are, as it were, shot round from the position 
bang fully opened to that of being fully closed, or conversely. 
: valves are cylindrical slides working in the arc of a circle. 
It is remarkable that liberating gear for disengaging a valve 
ich was lifted by the action of a falling weight was introduced 
Watt, and is therefore as old as the condensing engine; but 
re the valves are not lifted, but rotated, and ihey are actuated by 

tand not by i\eLghts. 
flier point is that in engines of this class the governor acts 
on the steam valves, so a; to cut off the steam earlier, 
_ of actuating a throttle valve, as in Watt's arrangement. 

tURTHLR RE.MAHKS ON INDICATOR DIAGRAMS. 

>, It is hoped that enough has been said to present a general 
iew of the application and use of the indicator, and before leaving 
liis branch of our inquiries it may be useful to append a few 
:neral remarks. 

Kankine, in his book on the steam-eugine, discusses several 
auses wl.icli influence the form of the indicator diagram. 

I. It appears that the steam pressure undergoes some fall 

I[ the passage from the boiler to the cylinder. The amount 
^ iali varies greatly in different engines, but the general 
n, that the iilghest average indicated steam pressure before 
sion begins is some two or three poumls less than the boilei 
ii.nong the points to be noticed are (i) the resistance of the 
(team pipe through which the steam passes, (2) the resistance of 
be regulator or throttle valve, (3) the resistance due to the ports 
ind steam passages j and here also the bends or sharp angles as 
irell as the imperfect coaling of the steam pipe must be t:iken 
into account 

Rankine says that in the present state of our knowledge it is im- 
possible to calculate separately the losses of pressure due to these 
Buises, and if \t were possible the resulting fonnute v)o\i\i\ieVaQ 
vtrnplicatcd to be of much use. An observation ot l\u?. VvwCi V'is 
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1 wide application. It may be pointed out that steam w 
been lowered in pressure by the i 

wire-drawn, as we have termed it, is to some extent superha 
tlie friction of its molecules, the tendency of all friction b 
produce heat. 

2. Tliere is in practice a rounding of tbe angle at whidij 
expansion curve begins in the theoretical diagram. This " 
■wire-drawing at cut-off. It is alwaj'S to be seen where a 
valve, closing gradually, is employed, and is reduced ti 
mum in a well-formed diagram of a Corliss engine. SpejJ 
generally, it may be said that the steam begins, as it were, ti 
expansively a little before the valve is completely closed, i 
the energy exerted is nearly the same as if the valve had drf 
instantaneously at a somewhat earlier point of the stroke, wl* 
point may be termed the ' effeclive cul-off.' Such a point is ea 
obtained by carrying the expansion curve a little higher, u 
prolonging the probable steam line ti 

3- Tliere is a rounding of the expansion curve when rdeaaj 
begins before the end of the stroke, and it is recommended ih 
the point of release should be so adjusted that one-half of thefsDl 
of pressure takes place at the end of the fonvard stroke, and the I 
other half at the beginning of the return stroke. Where the reless* I 
is small the expansion curve is continued to the end of the dii- I 
gram, as may be seen in hg. 98, and in sucli a case the exhaust I 
line slopes gradually downwards as the piston returns instead of \ 
being nearly horizontal. 

4. The general effect of w 
cause produced, but which we will t 
degree throughout the stroke, is to It 
portion of the stroke and to raise it i 

subject it is very easy to propound theories; but the subjeci 
I matter lies so nuich within the region of experiment 1l1.1t any 

yiretical deductions, wjiidi are nearly all that we can be ssid 
ave at present, may indeed be interesting, but would pediaps 1 
lit of being classed among ' conclusions in wliich nodiing i* I 
eluded.' 1 

'. TAere is also the conductvo-a cllVea.V Xti at ^^lw^^i^R. 'walls ol [ 
j-//nde-, the geoerai effect olN»V\iivva'i>a.\,\n'Cw,\ass-(3,-w. 



1 the cylinder, from whatevH 1 
suppose to be present it 
)wer the steam line in the fiisl 
n the latter portion. On this I 
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6. Clearance will modiiy the fonn of the expansion curve ol 
VKam, by removing backwards through a small space the zero 
fine of volumes. And, as we have seen, if the steam be completely 
exhausted from the cylinder during the return stroke the effect of 
clearance is to waste a quantity of steam during the double stroki 
Bat, inasmuch as it is possible to compress a portion of .steam in 
dw cylinder during the reliim stroke, the loss above referred to 
vaj be greaUy or perhaps whollv eliminated. On this subject 
Ranklne recommends that the point of compression should be 
adjusted in such a manner that the quantity of steam confined or 
Goshioned should be just sullicient to fill the clearance with steam 
■t the initial pressure when the piston comes to rest. In such a 
case the work expended in compression is restored again during 
o^pan^on, and the steam spring is continually reproduced without 



CONNECTING ROD ENDS. 

117. Two principal methods of forming the ends of connect- 
ing rods will be apparent from the sketches, which are copied from 
Ac collection of lecture diagrams. 

In Fig. 99 we have an elevation and side-view of a con- 
nectii^-rod with a forked end, showing the combination known 
u a strap, gib, and cotter. A 
pin to which the rod is at- 
tached is encircled by brasses 
made in two halves, as indi- 
<3ted by the tinted pieces 
ii4iile the brasses themselves 
ue bound round by the strap 
U, and held together by the 
gib, marked a, and the cotter 
[sometimes called 'cutter') 
marked d. This part of the 
contrivance affords a good 
illustration of the use of ' "" "" 

wedges in combination with a tightening screw. As the brasses 
wear the oblique surfaces of a and d slide uoon each other, and 
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the thick end of the cotter is continually advanced by theSe 
while the surfaces nhich abut against the brasses on 
and the connecting-rod on the other, remain parallel, as atfi 
The key-way, which is cut through the strap and conneclingj 
for the insertion of the gib and cotter, is shown in the side-^ 
and sp:ices are left to allow for the screwing \ip of d a; 
iveai3. Also the connecting rod is enlarged towards the n 
as indicated by the broken piece which marks the i: 



laS. Another construction for the end of a 
simple in its details, and i( 




^ 
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connecCu 
much tised in marine engines, a 
the compound cylinder engine b| 
Messrs. Maudslay (see fig. 117), 

Here a brass block is divided 
into two parts, and is bored throogli 
for the reception of two holdii^ 
bolts, each screwed at ( 
The connecting rod terminates in 1 
T-piece marked e, the brasses abut 
against it, the bolts 
through the brasses, and a plate i 
affords an abutment to keep eveiy- 
FiG. 100. thing in place after the nuts ha^c 

been screwed up tight and locked. 
A side-view shows that the central portion of the brass is elon- 
gated, in order to secure a sufficient amount of bearing surface, 
the advantage of elongated bearings being now well understood, 
The blocks may, of course, be iiollowed out sufficiently to leave a 
layer of patent metal for diminishing the friction, the surface of the 
soft metal being scored by channels, so as to admit oil for lubri- 
cation. Where great force is transmitted the inside of each bnffi I 
is lined with soft metal. Soft metal bearings, as they are termed, I 
formed the subject of a patent taken out in 1S43, No. 9,724- The I 
specification stated that the inner part of the boxes for the support 
of gvidgeons or axles was to be lined with a compound metal, 
composed of 50 parts of tin, 5 of antimony, and i of copper. In 
order lo prepare the boxes tot tK\s tOTtc^o^v^o^'&K^ ■»««. ' 10 be 
ca5( with projecting linis or fiWets a\o^% 'LV^\t XtowvwA'js-, T^fc. 
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129. The two fonns of boilers principally used for statJonai]! 
engines are the Comish boiler and tlie Lancashire boiler. 7m 
Comish boiler stands first in the history of the subject, iiavin| 
been adopted in Cornwall during the early part of the present 
century, and being, in fact, the type from which the Lancashire 
boiler has been derived. 

The sheli of a Cornisli boiler is a cylinder with fiat ends, 
having one internal furnace tube which nins along the whole 
length of the boiler. The furnace occupies a portion of the tub^, 
and the burning fuel is entirely enclosed within the shell. Sueha 
system is technically knovm as ' internal firing,' and if the furnace 
were placed outside the boiler and below the cylindrical shell, as 
may often be the case, the boiler would be an externally fired single- 
flued boiler, and the tenn ' Cornish ' would not be applicable to it 

The Lancashire boiler is said to have been introduced in 1844 
by Fairbairn and Hetherington, and is a cylindrical boiler wilh 
flat ends, having two internal tubes instead of one only, earfi 
furnace being enclosed within its respective tube. 

Since there is no essential difference betu'een these two fonns 
of boiler, except in the number of furnace tubes, it may be con- 
venient to describe the Lancashire boiler. 

The lubes necessarily govern the diameter of the boiler; thej 
are usually 2 feet 9 inches in diameter, and, in order to allow 
sufficient space betiveen their sides and the shell, the latter should 
be 7 feet in diameter. With tubes 3 feet in diameter the shell 
would be increased lo 7 teev 6 mdaes vtv &a.TO.t\Kv. Tbe length of 
*'"* boiler may, of course, be yanei. 9cvon.\«i\\e;!s, e^ssijOTaMiTOSsa. 
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precisely the same as tlial meniioned above, VVIien sieam i 
first used at or about the atmospheric pressure the shape of I 
boiler somewhat resembled tliat of a teakettle. Then follow 
the waggon boiler of Watt, designed solely for economising bed 
and shown ia section side by side in contrast with a cylindric 
boiler having two internal flues, [n the ordinary waggon boiS 
the fireplace is underneath the shell, and there is an arched b^ 
for preventing an accumulation of deposit, together with curvt 
sides for ex|)osing a larger amount of surface in the flues. The 
boilers were of considerable size, and the example taken is that] 
a i6 H.P. boiler, which would be ii feet 9 inches long, m 
S feel in breadth. It would contain 238 cubic feet of water, U 




would have a steam space of 97 cubicfeet, the total heating suiJaq 
being estimated at 156 square feet. The flues were arrangedfcr 
what was termed a ' wheel-draught,' that is to say, the heated gas 
passed under the boiler through c, rose up to the flue a, and can 
back along one side in order to pass through the fine c along ll 
other side, and so to the chimney, 

If such a boiler were subjected to internal bursting j 
and w 



capable of altering lis form, each of three surfaces, Ai- 
irow 



and c, would be bulged outwards, and the type would appi 
that of a cylinder. It follows that the peculiar waggon-shaii. 
section can only be preserved by the employment of a sufficie 
number of wrought iron sia-js ot lofe -passing from surface 
surface, and holding the p\a.\.e5 \n aa'vmxQw^Ae. ■^•xnoq.-.' 
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1; tftat the only part of the shell which can assist itself is the 

ItOpL 

K first idea of the Lancashire boiler will be obtained from the 
il sketch. Here the diameter of the shell is supposed to 
feet, and that of each tube is 3 feet 9 inches. The 
t bctw-een the tubes is 5 inches, and that between the tube 
Ibe sbeU is 4 inches. The waler level is about that indicated. 
I cominOQ to place intermediate water pipes across the fur- 
: tubes, as sho«-n in the sketdi, for the purpose of intercepiing 
[ of the heat of the gases. There are various contrivances 
~K kind, called water pipes or water pockets. As to the cir- 
on of the heated gases, that is arranged by flues nmning 
«liole length of the boiler. The hot gases, passing first 
g the fiimace tubes, dip under the boiler, and return through 
' ; flue having a breadth equal to the radius of the shell. 
B die gas from the side c rises to b and passes back along 
: shell, while that from d passes into a and returns in 
manaei. The gases meet again at the end of the boiler and 
cd horizontally on their way to the chimney-stack, but 
; reaching it they may encounter some form of economiser 
ippaiaCns for heating the feed water, coosisting of a group ol 
I pipes placed in the main flue which absorb heat from the 
; gases, and return it to the boiler by raising the temperature 
e feed water, say to 240° F. or thereabouts. 
~ e arch of the boiler is carefully protected, firet by a layer of 

substance, and secondly by an arch of brickwork. 
WA cylindrical boilers there is a difficult}- about strengthening 
Theory would tell us to make the ends hemispherical, 
I strength would be as much as twice that of the cyiin- 
s. There is, however, a practical objection to forming 
Efonqibeiical or ' egg-end,' as it is called, from the boiler plate^ 
1 d>e result u that the ends are commouly made of tlat plate, 
I is strengthened artificially in such a manner as to give 
'ttj a^inst danger. 

he nse of high-pressure steam was advocated by Trevithick 
I WooU^ and both these engineers adopted the cylmdnc;^ f OTia 
■^j Tntitbick origia^tmg the Conaish boiler, WtlW iatftiaai. 
Kf WooJf consmicdng a boiler in 1S03 composed, ol 
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cast-iron pipes, each iz inches in diameter, exposed extemflJly : 
the direct heat of the fire, and connected above to a largapi 
which again was in free communication with a large cylindB ; 
receiver forming llie steam chesL 

In order to show what may be done in this direction we r 
to Perkins's steam boiler, consisting entirely of ivrought-irontiJ 
each ■i\ inches internal diameter and 3 inches external d 
The boiler is made up of five layers of these tubes, all plu 
horizontally, and connected together by small vertical wioughl-il 
tubes, with screwed gaspipe joints. It was designed for ai 
working at a pressure of 500 lbs. per sq. inch. The inSuence 
size must not be disregarded. Thus Mr. Perkins states thati 
Strain upon the materia! of a cylindrical boiler 5 feet in diamcM 
and with steam at 19 lbs, pressure, is the same as in one of iIm 
tubes at 500 lbs. pressure. 

THE STRENGTH OF CYLINDERS UNDER INTERNAI, 

131. The strength of a cylindrical boiler to resist internal pee 
sure is calculated as follows : — 

Let r be the radius of the inner surface of a cylinder compoa 
of a metal which can support a tensile strain of w lbs. per sq. ioiJ 
Let e be the tliickness of the shell, and p the pressure of the 
closed fluid. 

We shall confine our attention to a small rectangular pietei 
the shell, whose sides are x, y, and whose thickness is c, and irtn 
is under the action of a force pxy acting outwards on the a 
xy, as well as to the forces p, p, q, q, marked in the sketch. 

Looking sideways at the slice, as in the right-hand figure, ' 
observe that the two forces q, q, acting tangentially at the ends 
the arc a b, hsXance p x y. Let a c b = a 6, then 
2(i&mB=pxy. 
' But A E = ^, .". sin fl = -i very nearly ; also a bar i sq. in 

m sectional area supports wlbs. .". ex sq. inches support we* ft 
whence Q = v/ex. 
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This gives the thickness for sui;portiiig a given circumferential 
■e, and the conclusion is tliat the thickness must increase 
lie same propon:or. as the diameter, in order to resist the strain 
a longitudinal section. 
Taking the expression for q, viz., siex, and substituting the I 

lie of e just found, it appears that Q = wa: x?C^= prx 



^^' (Et3 «^' 



We have next to consider the strain produced by the forces 
p, which tend to tear the shell asunder along a transverse section, 

'h a strain is produced by the pressure on the flat ends. 

The pressure on one flat end =p x ttH, and this pressure 
: supported by the cohesive strength of the material in a transverse 
Klion whose area is aimr. As before, 2 Tri* square inches will 
ipport 2 Trrew lbs., 

_/)Tr,or«— — -^, 

■hich is exactly half the value before obtained. To put this in 
Bother way, since p is the strain on an area ey, being part of a 
whose area is 2 tt^, it is apparent that 



Cor. Let a: = ^ = i. /. p =^, Q =-p r, whence q = a p, 

the Etiaio on a longitudinal section (pet Imeai \ati\ ^ck wh^ 
biclaieesjis twice that on a transverse section. 
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132. The strain on a longitudinal section per linear in 
the material of a cylindrical boiler may also be found by a ai 
application of a law of fluid pressure. 

Let D E H B A represent a portion of a cylindrical boiler, 11 
C H B being two planes perpendicular to its axis, and d c b a b 
a plane containing its axis. The p 
perty of fluid pressure relied on is tl 
the whole bursting strain 
strips A B and d c is the 
pressure of the enclosed fluid oa 
area d c it a. 

Let A B=a:, DA = 2r, im 
Fic. 103. ^ ^g jj^g pressure of the fluid orS 

Further, let t be the thickness of the shell (a section at 
being really represented by a a i b, where A a = b ^ ^ ^), ani 
w be the tensile strength of the material per square inch of secfi 
Hence a b and c d together can support 2 w 

Now the pressure on each unit of area of the curved surface^ 
the cylinder can everywhere be resolved into two compoaenls,! 
I>erpendicular to the plane d c b a, and the other parallel D 
Of these components the sum of the former is the pressnre 
D c B A, and the sum of the latter is zero ; hence 




p X area d c b a = stiam on a b + strain < 
or/ X a: X 2 r = Wrfj: + Wi* 
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The material of the shell of a fiiU-sized Lancashire boUa » 
usually wrought iron, but steel plates are frequently introduced tf 
the furnace tubes, especially in the part around the fire. W 
thickness of the iron plates would be y'^ inch for a pressmerf 
75 lbs. per sq, inch, or -^ for 100 lbs., and the width of a pUte S 
(say) 3 feet. 

As to the strength of boiler-plate the general rule is that i* 

rolled plate is less strong per square inch of section than a tWd 

bar of the same iron. Also the reduction of strength is moit 

maried in the transveTseft\a.i\ "m fceXoii^^aSvssi.S-tnai^sm, Thril 

in a /urther subuacuon ftoia stttn^\i-j -rafon^-. 
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W. Fairbaim the breaking sti'alns of riveted joints of boiler 
: are estimated somewhat as follows : — 

' Fsundj. 

DouWe riveted joint 35.000 

Single rireled joints sB.OOO 

square inch of section of plate. 

Suice the plates after rolling are stronger in tht dL'ection ia 
h they are rolled than transversely, it is apparent that they 
^ be so disposed that the direction of greatest strength 
lid encounter the greatest strain. 

But the strain on the longitudinal section is greater than that on 
Iransverse, and hence the plates, which may be 3 feet wide, are 
jped round the circumference, being laid in three lengths, in 
T fliat the longitudinal seams may clear the brickwork seatings. 
consequence of the theoretical disproportion between the two 
DS, it is further recommended that the longitudinal seams 
iM be rfiiwWf-riveted with f-iuch rivets, pitched about 21^ inches 
itudinally and 2 inches diagonally. The transverse seams ate 
le-riveted, the pitch being 2 inches. To double-rivet them 
Id appear to add but little to the strength of the boiler, though 
ould increase its weight and cost 

^1 The furnace tubes diminish the area of the flat ends, and relieve 
\ pressure tending to rupture the material on a transverse section j 
W further act as stays for holding the ends together. On both 
accounts a boiler with internal tubes becomes stronger than 
iild be without the tubes, so far as transverse rupture is con- 
ned. The flat ends remain, however, a source of anxiety, and 
brdcr to support them gusset stays and tie rods are employed, 
no which something will be said, afl:er the disturbing action of 
K has been noticed. 

Ex. Let a boiler be 7 feet in diameter, with two internal flues, 
% 33 inches in diameter, and made of boiler plate 4 inch thick. 
I find the bursting pressures {1) along a longitudinal and (a) 
t% a transverse section : 

] We shall assume that w^ 35,000 for the double-riveted or 
[itudinal joints, and w' = 28,000 for the single-riveted qx 
;e joints 
'^be Uie bursting pressure for a longitudm3\ secl\OTV. 



1 
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then/ = '^= 35:22? =4i6'6 lbs. 
r 2 X 4a 

Calling f the value of p for a transverse section : — 
Circumference of shell = 263-89 inches 

„ each flue = _i£3!l7 » 
Making a total of . . 47i'23 
Now, the tensile strength of a strip of iron sing! 
L,47i'23 by i inches in area, is 
■ z8,ooo X 47i'z3 X i lbs. 

r ■'./ X 3,831-17 = =8,000 X 471.2 X J,- 

.-. / = 1,722 lbs. 

From which we infer th.it the boiler is more than foi 
stronger along a transverse than a longitudinal section. 
numbers show the extent to which the flues strengthen 
and confirm the statement which preceded the computatioj 

EFFECT OF HEAT. 

133. The wear and ultimate strength of a boiler ia 
influenced by adopting a construction which shall provide 
inevitable changes of form caused by unequal expansion ai)d4 
traction due to changes in temperature. Heat is motion, sod 
soon as the fire inside a furnace tube is lighted the metal on I 
top becomes more heated than the under surface, and the W 
arches itself, in consequence of the greater expansion of 1 
hotter portion. And not only so, but the tube lengthens a 
whole, and the flat ends bulge outn-ards. Finally, the water! 
comes heated, the whole structure elongates, and, unless sufSdi 
allowance be made for these pulsating movements, strUning 1 
occur, which may possibly end in rupture. 

The linear expansion of wrought iron {soft forged) undo 
action of beat is stated by Dr. Percy to be '0013304 for a lise 
temperature from 0° C to 100° C. 

Thus a bar of iron, 30 feet long, expands about -^ inch fc 
rise in temperature of 270° F. 

The expansion of the parts of a boiler as caused by heati; 
course, capable of acoitaie mea'i>ite,'n\EK&, i.v,d in particular 
so-caUed 'hogging' of a tuTOa.cex.iVit\\3s^i5;wv •^cww.-MtiVi ■*^ 
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! gauge rods attached at equal distances along the crown of 

tube. Each rod is carried vertically upwards, and passes 

ugh a stuffing-box in the shell of the boiler, whereby it has 

I possible to observe very accurately the distortion of the tube. 

boiler experimented on was aS feet long, and it was found 

the tube rose § inch when the flame passed around die boiler 

le ordinary way along the side flues, and that it rose \ inch 

n the flame was carried directly into the chimney without 

ing the outer shell. The gauge rod at one-fourth tlie iengdi 

the boiler from the front end rose as much as thai, and in one 

c it rose y'^ inch more. Also the colder the water at starting 

greater was the distortion, and generally the action was more 

ere just after lighting the fires. As soon as the whole of the 

er became permanently heated llie gauge rods retired to their 

position, the distortion of the tubes seldom lasting for 

ore than an hour. It is most instructive to read an account of 

Lancashire boiler as given by Mr. Fletcher, at a recent meeting 

the Institution of Mechanical Engineers (a.d. 1876), where all 

points are fully discussed. Our object is to point out to the 

that a boiler 30 feet long is a large piece of apparatus 

;d to obey and exemplify the laws of the communication 

id that its structure and design should have reference 

Thus Mr. Fletcher remarks that when furnace 

are lashed to the shell they often tear themselves away from 

and that in one case, where a furnace tube was supported by 

ins of a stay tying it to the top of the shell, it was found that 

thrust of the tube had crumpled up the stay by compression 

id had broken it by an upward thrust, thus showing how little 

I there was for suspending the tube by a rod in order to pre- 

it from drooping. 

STAvs AND TIE Rons. 

j4. We have seen that the double-flued boiler was introduced 
ly Fairbairn, and to that engineer we are indebted for a method of 
taying the flat ends which has been generally adopted. In 1856 
ir W. Fairbairn recommended that boilers should be constructed 
if a cylindrical form, in order to obtain as nearly as possible the 




I 
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maximum strength, and that where flat ends were used( 
lie composed of plates one-half thicker than those fi 
circumference. The flues, if two in number, should 
came thickness as the exterior shell, and the flat ends < 
should be carefully stayed with gussets of triangular j^ 
connected with the shell by angle irons. Sir W, FairfS 
that in his opinion gussels are infinitely better and Rii| 
ia their action and retaining powers than stay rodaj 
when gussets were used they should be placed in lint^ 
from the centre of the boiler. j 

As to longitudinal stays, they are simply rods of iitf 
from end to end and secured with double nuts, ono'i 
boiler and one outside. In the Lancasliire boilaj 
commonly two such stays, placed about 14 inchesJ 
fiitnace crowns, one on each side of the central M 
and near together. | 

The annexed drawing will give an idea of the manoc 
the flat end of a boiler is strengthened by gusset st 
portion shown is that most remote from the furnace. 
ternal tube is represented by Bit, and there is a vert 
pipe p, to which reference was made in a previous skt 
furnace tube is made in lengths united by Adamson 
seam (see Art. 135). ' 
stays are shown at a, a 
appear in the drawinj 
close to the tubes, l 
because the section o 
is shown on one side 
Ijosition, in order H 
into thedrawing. Ale 
slice through the cerl 
boiler would not in< 
furnace tube at all, am 
is merelyprojectedon 
sectional drawing, in 
make one sketch perfjj 




duty. 
from 



The real position of vUft ^sscc stays will \ 
an inspection of 6^. lofe. '«'^'^':'^ ^^^-^S ' 



Gusset Stays. 301 

ies. It is usually considered that there should be five 
lys on the laige upper area of the flat ead, and they 
en take tlie positions rnarked. It will be noted that 
Ue stay supports the central area, just where the flat 
lires additional support, and also where it can be finnly 
lOUt preventing the movement of the furnace tubes. It 
ant that the ends of a boiler should be elastic, in order 

may yield to expansion, in which case the hogging of 

would not be so great; the conclusion being that 
;r the rigidity of the ends the greater is the strain upon 
If the gusset stays come too near the tube a grooving 
ly be set up in the iron plate forming the end. 
)ears that such grooves are produced inside the boiler and 

the furnace mouth. They are believed to be due to an 
lich is partly mechanical and partly chemical. The furnace 

continually expanding and contracting from the altema- 
leat and cold, and there should be sufficient width of 
reen the tubes, as well as bet>veen the circumference of 

and the ends of the gussets, to allow this bulging action 
without fatiguing the metal 

letcher recommends that the end plates of boilers, to be 
pressure of 75 lbs, per sq, inch, should be ^inch in thick- 
■easing to -^^ inch for increased pressure within moderate 
cessive thickness beint; undesirable, as confining or re- 
I tiie necessary movement of the furnace tubes. The 

to strengthen the end plate and yet to preserve its 
t and in carrying out this intention it is a rule to attach 

at the front of the boiler to tlie shell bj' e.\temal angle 
liis mode of construction is not, however, adopted at the 
lend. 

[The furnace flues are a vulnerable part of the boiler, inas- 
Hiey are liable to yield by collapsing unless siiRicientlj- 



[lecL 



|Siibject of strengthening the internal tubes of the 
■e boiler was investigated by Sir W. Fairbaira, whose 
Its led to the following conclusions : — 
e fitren^h of a tube lo resist collapse by extercia\ ^itMJO^. 
rasSts diameter. 



J 
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. The strength varies inversely as the length. 
3. The collapsing pressure in pounds per sq. inch 



= 806,300 X 



(thickness in inches.) 



I"""'-^"" " i_^ngth in ft X diam. in ins. 
In these experiments the ends of the tubes were 61 
attached to rigid plates, and the vessel in which the 
force was applied was a cast-iron cylinder S feet long, 28 indu 
diameter, and a inches thick, which could be safely strained*! 
as 500 lbs. per sq. inch. Into this cylinder air was forced t 
pump, and produced any required pressure on the surface \ 
quantity of water which nearly filled the cylinder, and in which 
tube under trial was completely immersed. There were twoga 
for reading the pressures, and a safety valve in addition, wliidi ' 
loaded by a weight. 

Some of the experiments followed the law as stated ^ 
pretty closely. Thus, in the case of a 4-inch tube of lliicli 
■043 inch, and of length 30 inches, the collapsmg pressure 
sq. inch was 93 lbs., whereas when the tube was 60 inches lon^ 
collapsing pressure fell to 47 lbs., which is very nearly one-haH 
former value, and verifies the law that the strengtli is (other d 
being equal) inversely as the length. 

Since log. 806300 ~ 5-9064967 = S"9o65 approximately, 
since the thickness of boiler tube is generally a fraction of mi 
it will be convenient to modify the formula as follows : — 

Let p be the collapsing pressure per sq. inch of section, 1 
thickness of the plate, l the length in feet, d the diamett 
then 

Log. P = 5-9065 + i'lg log. *— log. L X D 

= 1-5265 + 2-19 (2 + log. e) - log. L X r 
= 1-5265 + 2-19 log. 100 e — log. L X D. 
In this shape the formula is applied without difficult, 
may be furtlier simplified by putting it under the form 



Ex. Let the flue be 36 inches in diameter, 10 
i inch thick. 

Then log. i- = i-526s-Vi-'i ^o^- l.'i-^^- ' 
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lence the collapsing pressure would be 491 lbs. and the safe 

•rking pressure ^|i or 82 lbs. Taking the formula with 2 in 

6 

e place of 2-i9, we have collapsing pressure = 560 lbs. 

The Board of Trade has adopted a rule which dispenses 

ith logarithms^ and is the following : — 

forking pressure in lbs. per sq. inch = 90,000 x ^ . 

Tliis rule is applicable to marine boilers, where the practical 
famt of length is from 10 to 15 feet 

The experiments made by Sir W. Fairbaim were valuable 
calling attention to a material subject connected with 
construction of boilers ; but it appears that a special contri- 
lance for strengthening furnace flues, while allowing at the same 
tune for their expansion and contraction, had been originated 
^e years prior to the researches to which reference has been 
Bade. At a meeting of the Institution of Mechanical Engineers 
)dd in 1876 Mr. Adamson stated that he had first employed a 
^' flanged seam,' as it is termed, for the strengthening of furnace 
.tabes as early as the year 185 1. The annexed sketch exhibits three 
fonns of joint as applicable to tubes subjected 
to external pressure. The first, marked a, n 

consists of a ring of T-iron riveted as shown. jQv_-/ I A 

It is abundantly strong and is in a form ^l^i c$i — 

which has been adopted for centuries past 
in strengthening guns. The weakness of a 
tube to resist a bursting pressure on a Ion- (C^ "^ 

gitudinal section has been already demon- —H^zJ \ff^ 



strated, and a common method of strengthen- ^^ ^^ 



=Jt 



ing it has been to apply parallel rings 
at intervals along its length. In this way 
steam cylinders of great length, which are 
subjected alternately to a bursting and com- 
pressing pressure, have been strengthened. 
Everyone is aware of the accession of Fig. 105. 

itrength caused by the flange of a pipe. 
Since action and reaction are equal and opposite, we might have 
anticipated that a form of tube constructed so as to withstand a. 
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burstmg pressure from within, would also be the form SSl 
for resisting a collapsing pressure from without. The di 
of calculation in the latter case arises from the liability to 
matioD, which is soon set up, after which theory is of little 
enabling us to predict a result. 

But although the joint a has ample strength it is defi< 
another quality whicli is of importance, viz., it does not 
any alteration of length. The whole furnace tube is ri^, 
expands or contracts as one piece. 

Whereas, in the joint marked b the expansion or contractiMi 
iach length of the tube is provided for by the arched or corraf 
piece, and here there is increased strengtli combined with poi 
of expanding or contracting freely. 

In the joint marked c, which is knoivn as ' Adamson's fli 
joint,' there is the strength of the T-iron directly combined with the 
curved end, which allows of unimpeded expansion or contractiou. 
The arrangement is most convenient and effective, and is partico- 
lariy valuable as giving a seam where the rivets are protected from 
the furnace gases, and are, in fact, immersed in water, one con» 
quence of the construction being that the joint will bear iot£ 
heat much better than any otlier where the rivets are exposed. 



136. Those fittings which require frequent access are a. 
so as to be within reach of the attendant when standing in fi 
the boiler. They will be enumerated in the order in which fl 
would probably attract attention, and some are to be seen il 
sketch annexed. 

I, The pipe for supplying the feed-water is a verticalS 
C D, which branches off into the boiler on one side abort 
level of the furnace crowns, and is carried along for (say) 11 1 
in a horizontal direction, the last 4 feet of its length being J 
forated. The importance of introducing the feed-wai 
manner as to avoid local contraction should now be pointed Q 

Suppose that a supply of feed-water, not previously hei 
is introduced at the bottom of a boiler. The water enters j 
the whole structure has been heated, and has therefore I 



I L. 
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\ throiighoiiL The effect of the colder water is to cause 

[action of the under surface, but the rest of the boiler is 

; to yield, and a straining action is set up which tries 

I the joints. Whether the upper portion is unduly heated at 

I anticipation of the general enlargement which finally 

Ites place, or whether after the whole stnicture has been heated 

: lower portion becomes cooled, the effect is equally bad — 

B part of the boiler is pulling against the other, and the joints 

! BH^ned, Hence the better plan appears to be to cany the 







rater for ^ 



r of the boiler, and 
as possible any in- 



; distance along the ir 
so as to moderate a 
" equality of temperature. 

On the opposite side of the boiler there is a vertical pipe b e, 
btended for removing the scum which may have collected in a 
lediment-catching trough, inside the boiler, nith which it com- 
municates. 

At the bottom there is a blow-out coc'k, n^iVed H., S.qE Asafs)% 
I oat the \vater when necessary. 
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2. The fiirnace month-pieces are fitted with fire-door^B 
aro provided with some arrangement for admitting a v 
supply of air. For example, there may be a ventilating grid, si 
termed, on the outside and a perforated box-plate on the in 
aggregate area of the air-passages being about 3 sq. inches \ 
each sq. foot of firegrate. 

The standard length for the iiregrate is 6 feet, with bars a] 
I inch thick and g inch apart The bearers are wrought-B 
bars, supported on brackets. 

3. The Pressure Gauge. — A form of gauge very commonly D 
with has been in use for more than twenty years, and was inrent 
by M. Bourdon, a French engineer. The circumstances attendii 
the application of a new principle in the measurement of fciii 
pressure show the advantage of reasoning closely upon observed 
facts. When a discovery is made everyone says how simple it i^ 
and wonders that it was never thought of before. In the presoil 
instance M, Bourdon was engaged in repairing tl 
of a still which had become flattened, and he endeavoured B 
restore its original form by forcing water with a powerful pump 
into the interior of the tube. In doing so it was observed thall 
the flattened tube tended to uncoil itself, and further cfpeiimentil 
showed that the action of micoiiing might be applied in the 
struction of a pressure gauge. 

The sketch (fig. io8) is taken from a model belonging tt 
School of Mines, and serves to exhibit the action of the gauge as 
well as to test its accuracy as a measuring instrument. The gauge I 
consists of a flattened tube ee, connected at one end \ 
containing fluid under pressure. The other end of the tube is I 
dosed, and is attached to a link connected with a segmental rack 1 
which is in gear with a pinion f, and thereby moves an iii(le:t- 
finger over a scale. The index-finger and the graduations ate 
shown separately in a reverse view of the circular case which COD- 
taios the tube. At d is an opening into which one end of a force- 
pump is screwed tightly, so as to fill the tube with compressed air. 
At H and A are stopcocks, the convenience of which is obvious; 
and it will be seen that beyond a there is a vertical piece of gss- 
tubing, which supports an Citdm3.-pj TOeroiTvA ^Y^bon. gauge. At 
S therein a cap ornut, ■w\Y\cVica-n\ie.-OTiwiiewe.4,TO^\K,aSiiH}i.i», 

L_» ^ 



pressure Gauge, 



ao7 



'lD|!Te access to the shorter 1^ of the gauge when required, 
pon opening the stopcocks at a and h and forcing in ajr by the 
■^ at D, it will be found that the circular tube straightens itself 
Etde and pulls the end of the segmental arc sufficiently to turn 
: pinion / and to rotate the index-finger. When the mercury 







Fig. io8. 



s through I inch in either leg of the siphon it rises also to the 
e amount in the other leg, and the difference of level is, 
efore, z inches, which roughly corresponds to r lb. in pres- 
. The graduations of inches on the vertical scale correspond, 
efore, to pounds in pressure as read off on the circular dial- 
s ; and it will be found that the indcx-hnger traveb round the 
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dial in accordance with the rise of mercury In the leg of ihe 
It remains to examine the reason for the straightening of 
tube under pressure. One way of looking at tiie quesdon 
based on a theorem in geometry by which it is proved that if 
flexible but inextensible surface be deformed in any way, and 
p be a pomt in the surface, onAapb, 1:^ 1^ be the principal sectiol 
of the surface made by planes at right angles to each other U 
passing through the line perpendicular to the surface at the pointj 
the product of the curvatures of the two sections a b,c d will be 
constant quantity. The word ' curvature ' is a technical term, aa 
its meaning will be understood when we say that tlie curvature I 
a circle is inversely proportional to its radius ; also the prindp 
sections referred to are the sections of greatest and least curvaMl 
at the point. 

The form of the tube ee'is given in cross-section by iheciWf^ 
(p d, and the line ayb may be taken to represent the curving c|^ 
^ e e in the direction of its length. Klhi 

product of the curvatures — viz., those in 
a b and c d respectively — be constant, 
it will follow liat when one increasci 
the other must decrease, and cod* 
versely. That is to say, if the tube 
e e becomes more curved in the (Kret 
tion cp d, it will become less curved 
in the direction np h. Dut the 
of air under pressure is to bulge cp d outwarJs, and to make it, 
more convex, or to give it a larger curvature, and the direct resJl 
is that the tube e e straightens and its end moves outwards. 

It is easy to show that such an action will certainly occur, 
if we bend a vulcanised indiarubber tube it will become n 
and more flat, and will finally straighten in the direction acroa 
that in which it is being bent. 

The gauge as constructed is subjea to the objection that 
will collect in the lower end of the tube, thereby rendering du 
metal liable to corrosion, and in order to obviate this result 1 
semicircular tube is soracllmes cai\)loyed, from which any 
foimed by condensed sveam wvW 6ii\B. wft_ "fesi. ii. 'S^.^tOxx oh 
lunite the sensitiveness oS tW\nsWam.TOS. mA -oaisa.- 



Fig. log. 
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X the movement should be magnified in a greater degree. As 
the material, that is commonly thin brass, but sometimes the 

"s made of steel. 
Another form of gauge wliich has been extensively used is the 
lith gauge,' where a small diaphragm of indiarubber is confined 
a flange at the to|) of a tube, and is acted upon directly by the 
le side. The yielding of the diaphragm is restrained by a 
ftlute spring of steel, wound round and round in a close flat spiral 
e the spring of a watch, but with its central [lortion projecting 
^little downwards when at rest, so as to cause the diaphragm to be 
tnewhaC convex on the steara side when the pressure is cut ofl". 
Lt medium pressures ilie spring becomes quite flat, and at extreme 
jrves inwards. The centre of the spring is attached 
1 upright tod terminating in a straight rack, which actuates a 
n and gives motion to the index-finger. 

4. The water-gavges, marked / in the drawing. Of these 
ore are two, so that one may act as a check on the other. 

In fig. 107 there is also a sectional elevation of a water 
jauge, in which the outline of the instrument is shown, but do 
ilteropt is made to indicate the separate metal pieces, which are 
screwed together, so as to permit of the tube being removed and 
pocted. All that is shown is a glass tube a, inserted into the 
supports by removing the cap d, and packed so as to be steam and 
water tight. There are three stopcocks — ^viz., at a, b, c — which can 
be opened or dosed, at pleasure. Ordinarily c is closed, while 
\ and B remain open ; but, if required, any of the passages 
ID be blown througli by steam or ivater from the boiler. 
Gauge-cocks answer the same purpose as the glass tube in the 
water gauge. They aie three small cocks, placed one above the 
other, and opening directly into the boiler, the middle one being 
on the line of the usual water level. 

5. Conncaing pipes, such as the feed-pipe, or main steam-pipe, 
should be elastic, so as to allow of some movement under changes 
of temperature. Thus a copper elbow-pipe or a wrought-iron 
horseshoe -shaped pipe may be introduced where necessary, and 
will yield by bending, so as to relieve the tlmist or pull caused by 
expansion or contraction. So, again, if the main sxeam-vv'jt \»a 
tarried acisss the boilers and bolted direct 10 t\ie ^.Xeam i\iTH:V\Cit\- 



I 
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valve the joints would be strained by the rising or falling of til 
boilers wlien heated and cooled. To prevent any injurious ai 
from [his cause a springing length is introduced benveer 
stop-valve (which is secured just above the boiler) and the n 
steam -pipe. 

Many boilers have a steam dome, from which the supply o( 
steam is drawn, but in others it is omitted, and an intern; 
perforated pipe or anti-priming pipe is adopted instead of tl 
dome. 



SAFETV-VALVES. 

137. The ordinary safety-valve, held down by a lever 
weight, was invented by Papin before the date of Newcor 
engine, and the annexed sketch, taken from one of Dr. Andersonll 
lecture diagrams, shows the manner in which it is customary h( 
explain this well-known application of the principle of the leva 




The genera! construction is apparent from the drawing, the vahe 
A n beingpressed upon its seat by the action of the weight w hang 
It the end of the arm c D. The fulcrum of the lever is at C, and 
the arm c d is supposed, for simplicity, in the first instance toha« 
uo weight ; also c m ^ r, and the points l, e, h, d are at dis- 
tances from c respectively represented by the numbers 5, 4, s.^w' 
6, whence it follows that if the valve be lifted through a snu 
spa.cs Ihe motion of d 'will be s\x. unies that of m, and so for tl 
Other points, l, e, h, the QMmbets i, a, a ■'■nS\i:3.'OT«, ■&«. ^tUdr 



Safely Valves. 
f ihesc respective points as compared with that of the 
a of the valve be 20 square inches, and let w 



I 

^^^^Bt w be hung at d ; then by the prindple of woik, 
^^^^f pressure of steam onABXi^wxO; 
H oi^ pressure of steam per square inch x 30 = 300 x (>i 
.". pressure of steam per square inch ^ 60 lbs. 
. Let w bo hung at ii; then 

pressure per square inch x so = w x 5 = zoo x 5, 
.". pressure of steam per square inch ^ 50 lbs., 
id so for the remaining positions of w. 
JVffU. — It is necessary to take into account both the weight of 
lever and that of the valve. As to the former, it is clear that 
weight of the lever makes a slight increase to w, which can be 
nd by trial, remembering that the product of the weight of the 
ver into the distance of its centre of gravity from c is equal to 
le product of c d into the increase of w. And this latter can, 
lerefore, be found when we know the weight of the lever and the 
Dsition of its centre of gravity. The problem is that occurring 
; case of an ordinary steelyard. As to the weight of the 
alve, that is merely to be added to the load on a b, produced by 
and the weight of the lever. 
138, The construction of a safety-valve may be varied from its 
riginal type in two principal ways : — 

:. The lever may be retained, but the weight may be replaced 
spring balance. This construction is very commonly to be 
in the case of locomotive boilers, and the substitution of a 
[ffing for a weight is an obvious alteration. 

We may here examine a form of compound safety-valve, which 
I different from the ordinary valve, and which is applied on the 
forth-Western Railway. It appears that in 1855 Mr. Ramsbot- 
Om obtained a patent (No. 1,299) for an improved mode of load- 
Bg safety-valves, wherein ' two safety-valves, connected by a cross- 
«r, were placed at such a distance apart as to admit of a. ^."jri.'cv'j, 
f weight bein^ applied between the two of suffideM. -^ci-wet \.q 
Kir the pressure on both va/vea' By this anangenveiA -Ccit c«Sv- 
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nary spring balance was dispensed with, and the pressure oi 
valves, when once adjusted, could not be increased. Alsc 
crossbar was prolonged at one end, in order to serve as a hi 
for feeling the working condition of the valves. 

Mr. Ramsbottom considers that the range of lift for bio 
off {owing to the non-intervention of levers between the valve 
Spring by which it is loaded, and regard being had to the di 
sions of the spring itse 
here about three time 
great as in the ordinary 
and spring-balance valvi 
The sketch is taken 
the specijicacion of the p: 
The valves a and b are s! 
resting on their seals. 1 
made with conical recess 
receive the points of 
cross-bar d e. The spri 
f,(;. ,,,. of sufficient power to 

down both valves, anc 
point of its attachment to the crossbar at c is below the be 
points of the same bar on the respective valves. The tensi( 
the spring is adjusted by a bridle and set screws at h. 

When the pressure of the steam overcomes the resistance < 
spring the valves are raised ; and if one, as a, rises more tha; 
other, the spring leans towards a a little, by reason that the 
of attachment of the spring is lower than the point of the 
bearing on the valve, and thus b is relieved from a part of its 
This arrangement tends, therefore, to secure the simultai 
action of both valves. 

a. The lever may be dispensed with, and the valve mi 
loaded by a weight placed directly over it, or may be held doi 
a spring also applied directly, when we have a ' dead weigh 
direct ' spring-loaded ' valve. 

The examples hitherto given show the common raetlio 
lading the valve. There is (i) a central pin of some lengij 
small diameter, as in fig. no-, ot (^I'^iiie.ttM 
a ceotial axis, as indicalcd "m tvg,. in.- 
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; the weight is applied directly lo a valve some guide is 

', but there is a form of dead weight saftty-valve, lai^ely 

a stationary engines, where guides are not rec|uired ; and in- 

h as they cause friction, and may possibly become jammed 

ri advantage to dispense with them. 

! contrivance now referred to is known as a ' Cowburn 
5* and the construction is so simple that it will be readily un- 
Slood without a drawing. The valve is spherical, and is placed 
n the top of a vertical pipe, outside which there is a casing loaded 
"^th annular discs of metal The centre of gravity of the load is 
below the surface of the seating, and the result is that the valve, 
ter having been lifted, drops at once into its position, and that 
a wings or central pin are necessary. 
The diameter generally adopted is as much as 4 inches, which 
arquires a load of about 8 cwL for blowing olf at 75 lbs, pressure. 
The great weight of the load is an element of security, as anj 
addition which materially varied the steam pressure could only be 
obtained by putting on a weight the size of which would at once 
attract observation. In practice the weights are annular rings, and 
the shell on which they rest is cast with mouldings around it, near 
the bottom, which present the same appearance, the whole being 
so adjusted that each moulding as well as each annular plate re- 
presents 5 lbs. per square inch in the total pressure of the steam 
within the boiler. 

Where the valve lever is held down by a spring the proportions 
of the lever are commonly arranged so that 1 lb. tension of the 
q)ring as graduated is equal to t lb. per square inch in the pressure 
(SI the valve. 

139. By an ingenious variation in the construction of a safety- 
valve it is possible to arrange that the valve shall blow off, not 
only when the pressure of the steam rises beyond a certain limit, 
bat also when the level of the water in the boiler sinks below a 
given point. The apparatus is then a combination of two distinct 
parts, each operating independently of the other. Take, for ex- 
ample, the low-water safety-valve by Mr. Hopkinson. This may 
consist of an outer valve 5 inches in diameter, in the form of au 
uinulus OT ring, which would be held down by a \eveT atii "«ev(^\., 
Mnd ivou/d be precisely the same in its action as an oiimaT] ^.■a.'ifc^- 
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evolution or production of heat, and chemical decern position byfl 
disappearance of heat equal in amount to that produced dum 
the previous combination of the elements which are unde^ 
separation. 

Combustion, or burning, is the name given to rapid chemia 
combination attended with the evolution of intense heat 

It is necessary to bear these facts in mind in eslimaling lli( 

icating effect of fuel. Thus, where hydrogen and oxygen exist ii 
coal in the proponion necessaty for forming water (viz., one o 
hydrogen to eight of oxygen by weight), it is usual to assume thi 
(hey do not influence the heat of combustion. The hydn^en '<i 

aken to have been already burnt in oxygen. In coal there ma; 

je 5 per cent, of hydrogen and 4 per cent, of oxygen ; this wouli 

eave 4i per cent of hydrogen available for heating purposes. 
There appear to be exceptions to the aliove rule, and Dr 

Percy gives the results of an experiment where two coals dose!; 
agreeing in ultimate composition have been found to differ by; 

lercent. in calorific power. 

The composition of various kinds of coal is given by Di. 
rercy, in his work on fuel, and it is well known that the differenca 

n the constituent parts of coal are very great, and give rise to quaU 

ies of various kinds which influence the selection Lobemadefoi 
heating purposes. Taking examples of an analysis of coal, wefind— 
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The heat given out in the burning of hydyogen and carbon S 
estimated as follows : — 

r Jb. hydrogen consumes about j6 lbs, air, and gives out . 6a,oji 
„ carbon, burnt lo CO, „ fc\\i^. >. v. . WS* 
„ cirbon, burnltoCOi „ ^^ \^^- .^ , . -1*^11 
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According to Dr. Percy the calorific power of a substance is 
number of units of heat produced by the combustion of a 
of weight of the substance ; and if the imit of heat be defined 
)idmg to the Centigrade scale, 

)iific power of hydrogen is 34,462 

n 99 carbon „ 2,473 when burnt to . CO. 

n 99 carbon „ 8,080, „ . COf 

Also I lb. of hydrogen evaporates 64*2 lbs. of water at 212° F. 
„ carbon burnt to CO „ 4*6 „ „ 

„ carbon burnt to COj „ 15 „ „ 

It does not appear that the absolute heat of combustion can 
increased, but it is easy to pile up the waves of heat in an 
iosed space, and thereby to increase wonderfully the apparent 
power of the combustion. 

Upon this point we may refer to a lecture experiment by 
Faraday, who showed that it was possible to melt platinum in the 
Hsimc of a common candle. As to the properties of platinum Dr. 
W. A. Miller states ' that platinum resists the highest heat of the 
forge, and can only be fused by the voltaic battery or by the oxy- 
bydrogen blowpipe.* Any attempt, therefore, to melt it by an open 
ftime would appear to be hopeless. But Farada/s proposition 
Was that the heat of burning hydrogen is the same wherever it 
Is produced, and he operated with a platinum wire attenuated to 
.a degree quite beyond the reach of ordinary manipulation, when it 
:was found that the end of the wire was actually melted and ran into 
a little solid bead, which could be seen when magnified. 

The furnace maybe looked upon as a large chemical apparatus 
in which coal and air are to be mixed together in the proportion best 
adapted for burning the fuel v^thout waste. In performing this 
operation an engineer falls very far behind a scientific chemist 
when operating on a small scale in his laboratory. Thus a chemist, 
in burning one pound of ordinary coal in a carefully protected 
chamber, would cause the heat from the fuel to evaporate (say) 
14 lbs. of water, whereas the evaporation per pound of ccal in a 
steam boiler seldom exceeds 10 lbs. or 10^ lbs. of water, a common 
performance being the evaporation of from 6 lbs. tc 8 lbs. of water. 
Looking at the question as one of admixture of fuel and air, the 
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rough niinibeis usually i{uoted on the authority of R:id 
the following : — 

For the actual burning of ordiniry coal in a furnace 
air are required in order to combine ivith the constiti 
each 1 lb. of coaL 

But the gaseous products of combustion 
diluted, otlierwise the air would not get at the fuel, and 
dilution as much air again is required, making a supply of 
of air to each i lb. of fuel. 

Note.-^\2t cubic feet of air, at 60° F. and under a press 
inches of mercury, weigh about i lb. Therefore 3 
nf air are required for eacli i lb. of fuel, which coi 
700,000 cubic feet of air for the effective burning of onft 
coal. 

That gas and hydrocarbon vapour proceeding from 
quire a good supply of air for burning was frequently s 
Faraday in a lecture experiment, and his illustration goes fl 
substance of the whole matter. TJie device was to soak 
cotton-wool in any hydrocarbon liquid and set it on fire ii 
nf oxygen gas. In such a case the hydrogen devours the 
and the flame lights up with dazzling brilliancy, but very 
supply of oxygen fails, the light becomes less, when all 
for no apparent reason, the burning wool throws out. 
mass of Mack flakes which fill the jar in a thick clt 
Huanlity of soot ejected would surprise anyone but a 
few would be aware that the unbumt liquid was 
throwing out such a supply of carbon. It is needless 
the effect here produced in the jar of oxygen is the same a 
occurring in the chimney of a steam boiler when the supply 
is defective, the result being that so frequendy seen, viz., 
ing out of dense black smoke into the atmospher 

The loss of heat from unbumt gases may also take 
out being made evident by the issuing of smoke. Thus 
oxide (CO) may pass away instead of carbonic add (CO] 

142. There have been a great number of inventions 
the prevention of smoke in steam boilers, wliich 
aissed in the space ava\\ati\e, j.vi6 v^ i^\'iT scfi™.t " 
fValt invented a ' dead plait' -, \W\. \^, a. \.ra^«:«Ju^ 
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tned plate at the moutli of a furnace, on which eacli fresh 
e of coal is placed, in order to be subjected to a species of 
inaiy distillation, whereby the hydrocarbons are eliminated 
e the residual carbon is pushed forward on the furnace bars 
bid the plate. This plan, where proper provision is made for 
ipply of air, appears to obviate the production of smoke as 
ally as any other contrivance. In burning anthracite a dead 
"s said to be nseful for heating the fuel gradually, as other- 
would fly into small pieces, causing waste, 
:re is also a class of contrivances where mechanical feed- 
ikes the idace of hand labour, the grate bars being connected 
■3 form an endless cliain, or the oscillation of alternate bars 
5 forward the fuel by a rocking movement, 
mother class of contrivances deals with the supply of air both 
E the fuel, to burn the gas, and below it, to bum the carbon, 
nipply of air through the furnace doors may be regulated by 
Hosing ventilators, like Venetian blinds, and the air itself 
' the aiTangement of the plates, wanned as it enters the 

lOther plan depends on the double furjiace with alternate 
"i apparent that in the Lancashire boiler with two 
:e tubes it is possible to keep one furnace always clear, and 
I, by means of the gas proceeding therefrom, the smoke 
from a fresh supply of coal in the other chamber. 
Sir W. Fairbaitn thus comments on this invention ; — ' The 
principle of double fiiniaces within the same boiler was first intro- 
duced by myself. The two flues enable the stoker to fire alter- 
nately, and to maintain a more uniform generation of steam than 
with a single flue, and the flame, passing from one flue and mingling 
with the gases from the other, assists in their combustion. 1 be- 
Heve that this simple system of alternate firing, when conjoined 
with the teiiuisites of the economical generation of steam, viz., 
plenty of capacity in tlie boiler, sufficient admission of air, and, 
what is quite as necessary, cnreful and attentive stoking, will effect 
the prevention of smoke without any costly apparatus, so far as 
that is possible with any given description of fuel. Again, a 
double furnace tends to equah'se the supply ot au. "^Nv^ 'witi 
raraaces, aJien fed alternately, will not requite a maxYcftwm. w 
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ss of the other.' 

; modes in which fiiel is wasted have 

: somewhat as follo(vs : — 



, Fuel is lost by the escape of gases in an unburnt st^ 
by permitting black smoke to be thrown off. Here the supptfi 
air is defective, and the physical action is traced to the re 
affinity of hydrogen for oxygen gas, whereby the oxygen is 
to the exclusion of carbon in the first instance. 

2. There is waste from external radiation ant! conduction. 
M. Peclet states that the quantity of heat radiated from u 

descent charcoal, is -5 of the total heat of combustion, and thstl 
the heat radiated from coal somewhat exceeds that radiated 
charcoal. 

The practical conclusion to be drawn from this statemeBt 
that the heat radiated from iJie burning fuel should be 
intercepted in every direction. Hence the economy 
from the use of a Cornish or Lancashire boiler with 
furnace tubes. 

As to the furnace door, that is in the form of a double 
with perforations not coinciding, or there are plates set obliquely, 
like Venetian blinds. 

As to the heat radiated into the ash-pit, tliat is carried back 
again to the fire by the current of entering air. 

In respect of the loss of heat by conduction, that is obviated 
as much as possible by the use of firebrick, and where the (umacc 
is outside the boiler the resistance to conduction is increased b]' 
double layers of brickwork, with enclosed air-spaces between the 
layers. 

3. There is loss of heat by the escape of gases up the chimnej' 
ai a temperature above that which is necessary for maintaining the 
draught. 

A general iaea of the value of a chimney in promoting the 
draught of a fire may be gathered from a slatentent of a Iw. 
which appears to be approximately true, viz., that the velocity of 
air, ds due to increased pressute, « i.\\a.\. ac(\ulted in falling down In 
height equal to the un\tora\ co\\\mT\ -^VvAv ^-<«s. ■Oct " 
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sstire. In making any calculations on this subject it is usual 
idopt the hypothesis that air is incompressible and behaves as 

Let the increase of pressure support s inches of water. We 
low that 29-922 X I3'596 inches of water balance the pressure of 
e atmosphere which would be produced by a stratum of in- 
impressible air 26,214 feet high. Therefore, i inch of water 
in balance 64*4 feet of air. Hence 5 inches of water balance 
[» feet of air ; therefore velocity due to increase of pressure 



= ■/ 64-4^ 322 

= 64-4^/5 

= 144 feet per second very nearly. 

According to the old rule the area of the chimney should be 
, that of the fire-grate, and there should be i square foot of 
■e-grate for each horse-power. The consumption of coals per 
Drst-power being estimated, Mr. Bourne gives Boulton and Watt's 
lie for proportioning the dimensions of land chimneys, according 
I which a factory chimney 80 feet high would have a sectional 
;eaof 400 square inches, tiie consumption of coal being 300 lbs, 
a: hour, and the suction of ihe chimney being that due to a prea- 
ire of a little more than r inch of water. 

Rankine gives formute for computing the height of a chimney 

order to produce a given draught, and states that the best 
limney draught takes place when the absolute temperature of the 
s in the chimney is to that of the externa! air as 25 to 13, or 
len the density of the hot gas is one-half that of the external air. 

For example, if tlie temperature of the external air be 50° F., 
e best temperature of the hot gas in the chimney will, according 
this rule, be 602° F., which is less than that of melting lead, 
•., 620° F. Hence the rule, that to insure the best possible 
aught in a chimney the temperature of the hot gas should 

nearly sufficient to melt lead. 

If the temperature of the furnace itself be estimated at 2,400 F., J 
d that of the issuing gases at fi:om 600° F. to 700° F., or even I 
jlier, as is often the case, we see that 25 per cent, of the heat of ^ 
mbustion passes up iJie cJiimney air* ' consumeim ^to&ckw.'Jj 
baiight of air through the furnace grate, T^e\oss o? Ve.'A^'i.ciKi 
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the waste gases may be lessened by the use of an ' 
for heating tlie feed-water. Thus, in the case of some quadr 
engines by Mr. Adarason, described in Chapter VII., 
supphed by two boilers, each 30 feet long by 7 feet diamet 
The temperature of the injection- water is set down at 8 
that of the feed-water from the condenser is 114° F., after < 
it passes through an econoraiser in the flue, consisting of t 
upright pipes each 10 feet long and 4 inches in diameter, wltci 
the temperature is raised as high as 262° F. ; the temp'jE 
of steam in the boilers being 344° F. 

Sir W. Fairbaim, in his treatise on ' Mills and Millwt 
p. 277, describes an economiser introduced by Mr. Greeivl 
Wakefield, as consisting of a series of upright tubes fonuii^.l 
supplementary boiler placed in the main flues, and stales that fl 
' formation of soot on the pipes was the source of the ill s 
of previous attempts in this direction. This difficulty has b 
overcome by an apparatus of scrapers or cleaners ; ' and it is foul 
' that when the waste gases escape at a temperature of 400° F. a 
500° F. the feed-water can be heated to an average of 215° Fi 
the temperature of the gases after leaving the pipes being reduced 
to 250° F. To produce this effect 10 stjuare feet of heaBUi 
surface should be provided for each horse-power.' 

4- Fuel is wasted by brittleness, dust and small pieces drop(riD| ' 
unbumt through the bars into the ashpit. 

5. The fuel is rendered less effective by the presence of earthj 
compounds, whicli form clinkers, abstract heat uselessly, and dioke 
up the grate. ^m 1 
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144. In the Museum of the Patent Oftice there are placed,' 
adjoining each other, two historical locomotive engines whitJ 
show the form in which our present system of railway tr^vellii^ 
was originated. 

The first is the so-called ' Puffing Billy,' bearing the following 
/abel : ' This is the oldest \oiicimQ\i\e engine in existence, and Ar 
fitst iviiich ran with a smoat.\Y wVeA -avi-tt ^■smaW&i.-aa^ \! 
constructed, under Mi. HcfieVs \!a.\£i.t ^k.^. ^'i-.-i.^'S.^. -s^Ui^s 
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C Blacfcctt, Esq., the proprietor of the Wylam Colliery, 
r Newcastle -upon-Ty DC. Alter raany trials and alterations it 
mmenced regular working in 1813, and was kept in use until 
me 6, 1872, when it ivas purchased for the Patent Museum.' 
Tlie second is Stephenson's ' Rocket,' being the engine which 
impeied for and gained a prize of 500/. ofrered in 1829 by thu' 
tectors of the Liverpool and Manchester Isailway Company for 

best locomotive engine which should draw three times its 

tight upon a level road at the rate of ten miles per hour, 

Mr. N, Wood, in his treatise on railroads, speaks of the 

Sreraents made upon locomotive engines before 1829, and shows 

ir gradual development into the most perfect specimen which 

ited prior to Stephenson's invention, viz., the engine in us 

Kiliingworth Railway, He states ' that the locomotion of these 

ines was effected by tlie action of the wheels upon the rail, 

^out the aid of any extraneous mechanism, and consisted of 

hold or adhesion of the siirfacc of the wheels against the 

face of the raiL' 

'I'he boiler of the Kiliingworth engine was of malleable iron, 

indrical, with spherical ends of large radius. It was 9 feet 

Ig, 4 feet in diameter, with a cylindrical internal tube z feet in 

Kmeter passing through the boiler at a distance of 2 inches from 

|e bottom, and terminating in the chimney, the firegrate being 

■thin the tube. In Mr. Blackett's engine the tube was carried 

iXnd and brought back to the firegrate end, alongside of which 

fS the chimney. 

In applying the steam-engine to the purposes of locomotion 
te steam is of necessity used at a high pressure, and escapes into 
te external air after doing its work in the cylinder. The con- 
toption of steam is therefore enormous, and the student should 
[Irutinise jninutely the progress made in solving the problem ol 
fcnerating a sufficient supply of steam withiu the limited space 
Icupied by the boiler and firegrate. 

It is slated that the heating surface in the old Killing(vorth 
Oiler was 2975 sq. feet, and that the engine evaporated 16 cubic 
ta of water in an hour, the average speed of the train being six 
&es per hour, and the weight of the load 50 tons. 

The engines attached to the early loconioUve Tfeie Ncrj "£Q\iS^ 
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in construction. There were two steam cylinders, placed vi 
and usually partly within the boiler. The pistons worked c 
respectively at right angles, and the engine ran upon four si 
wheels, with flanges on the inside, the naves and 
made of cast iron. In the Killingworth engine the wheels » 
4 feet in diameter, and were coupled together, the boiler n 
on a square frame of wood supported by springs, two oneaehsii 
It would be interesting to show the exact mode in whidi d 
[xiwer was communicated from the engine to the driving wherfsB 
each early type of engine, but an explanation could n 
clearly without drawings (for which there is not space), and ft 
formation on this point we must refer to other technical treal' 

Although at the present day we may regard almost » 
smile the early engravings of a line of railway with the )l 
sleepers, the fish-bellied rails, and the imperfect methods of d 
necting the different lengths, so as to make a continuous road, ^ 
the whole invention is pretty clearly to be seen as fai 
is concerned, and but little improvement is required in oidall 
bring it up to modem ideas. As regards the boiler and e 
the case is dilTerent, for the interval bridged over between tl 
Killingworth engine and the Rocket was very great, and there vn 
apparently nothing to lead from the one to the other. 

It is dangerous to enter too closely upon the clainns of in 
vemors, and, according to a French TiTiier, the tubular boiler n 
originated by M. Seguin, of the Lyons Railway, who patented Wl 
invention in France in 1 8iS, and altered two boilers sent over hf 
Stephenson in iSag. Also the height of the chimney being in- 
competent to maintain llie draught through the tube, a drcallt 
fan was added, but this «'as found less effective than M. PcllcOn^ 
plan of discliarging the waste steam into the cliimney, The 
wTiter goes on to remark that the problem was thus fully solvei 
' and, as usual, England appropriated the invention of the tws 
French engineers.' 

As to the steam-jet, that had been directed into the chtmnet 
of a Killingworth engine by Stephenson in 1825; but the chimnej 
was lai^e, and Mr. Wood considered that although it promotoi 
evaporation it wasted fuel. 

It has been mentioned ftwA a. -^Tiift -w^.^ cRe^s&Ntt ■At.sj&c Oh 
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Rocomotive engine. The trial was to take place on a ij mile 
je, with ^ niile estra at each end for starting and stopping, 
enly double trips were to be made. 
Three engines were entered: — 
lii. The Rockel, by R. Stephenson, of Newcastle. 
,:», The Sanspareil, by T. Hackivorth, of Shildon. 
1I3. The Novelty, by Braithwaite and Ericsson, of London. 
.The Rocket bad a cylindrical boiler, with flat ends, 6 feet long, 
^ 3 feet 4 inches in diameter. The fire-box in the rear of the 
(jne was J feet long, 3 feet broad, and 3 feet deep, inside 
bsure, and was surrounded by a 3-inch water space. The flue 
Bsisted of 25 tubes, 3 inches in diameter, which are stated to 
re been, adopted at the suggestion of Mr. Booth. The cylinders 
jre two in number, placed obliquely next the fire-box, and work- 
C the fore wheels; they were 8 inches in diameter and lO^ 
Qies stroke. The driving wheels were 4 feet 8 inches in dia- 
■er. It was originally intended tlul the exhaust should be 
beted into the open air, but the night before the trial an alter- 
bo was made, and the waste steam pipe was directed into the 
pel The fire-box surface was 20 feet, and the tube surface 
J'8 feet. The engine, with its tender, weighed 7^ tons. For 
\ above statements Mr. D. K. Clark is our authority. 
. The Sanspareil had a cylindrical boiler, 6 feet long and 4 feet 
bches in diameter. Within the boiler was a horseshoe flue, 
Btaining the firegrate. The cylinders were vertical, and iJie 
icels were coupled. 

, The Novelty had an internal flue traversing the boiler tJiree 
Jes, and the fire was urged by a bellows, 

. At the trial the Rocket was victorious, being the only engine 
It ran the stipulated 70 miles. The average speed was 13-8 
les per hour, the greatest speed being 29 miles per hour. Coke 
nsumed, '1)1 lb. per ton of load. 

The Sanspareil ran at an average of 14 miles per hour, the 
^est speed being ^^\ miles. Coke consumed, 2-41 lbs. per 
11 of load. 
The Novelty broke down. 
I After the tria] the orifice of the exhaust tube Q^ &£ '^-oOt.e.V 
i contracted, tosharpen the blast and promote tt\e %ene.iMACQ. Q 
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steam. The amount of water evaporated was then j| 

teet per hour. The number of tubes was soon increas 

readied, say 170, instead of 25, the amount of heatiq 

being raised so that the coraparative numbers became q^ 

Killingworth engine, heating surface, 30 squarcfl 

Rocket engine, „ „ 118 

Narrow gauge engine, „ ,, 1,000 

The amount of water evaporated rising to some i 

hour. 

Tiie annexed drawing is copied from a lecture d 
may serve to give a general idea of the locomotive boiler 
constructed some years after Stephenson's invention. Thi 
is at one end, marked a f, the firebars being at f. Th| 
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holding the fuel, is generally made of copper, on ao 
superior conducting power of that metal for heat 
describes a good lecture experiment for showing that o 
teller conductor ot heat than iron. A thermo-electri 

nected with a ga\vanometer, « \i\4. or. a. xaHifRith. 

.pards, and upon It « v^ae^i =• ^^^« ^^ «i?^,» 
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S flat ends, and Just Iji^e enougli to cover the whole face of 
A small block of iron, taken from a vessel of boiling 
s placed 011 the copper, and as soon as the heat has travelled 
jbugh the metal and reaches the pile the needle of the galva- 
Ineter swings round to its stops. 

The cylinder of copper Is then replaced by another of iron, 

jexactly the same dimensions, and the experiment is repeated 

n cylinder in the place of that of copper. It is found 

a much longer interval of time, perhaps five or six tiraes as 

t, elapses before the needle moves ; and such a result might 

« been anticipated from an inspection of a table of conductivi- 
I of the metal, from which it appears that the conducting power 
fcopper is to that of iron as 74 to 13. The rate at which heal 
[Vels throngh the metal depends, however, upon its specific heat 
well as its conducting power, and therefore an illustration of 
Is kind only affords a general confirmation of a physical fact. 
Id is not in itself sufficient, although it may leave no doubt as 
ithe superior conducting power of copper when compared with 
In. 

The fire-boxof a locomotive boiler is surrounded with a casing 
[Wrought iron, united to it by a number of copper bolts 01 stays, 
B leaving an interval for a water space, which serves the double 
feose of keeping a quantity of water in imniediale contact 
p the copper sides of the box and of supplying a ready and 
Bcient mode of securing those sides from any injury due to the 
Ret of steam pressure. 

CTo the fire-box, and arching over the top of it, is attached the 
Bndrical barrel of the boiler, containing a large number of tubes 
bing directly from the furnace to the smoke-box b h. The 
imber of such tubes has increased from 25 in the Rocket to 
is in the present example, each tube being about 10 feet long, 7 
ches in diameter, and af inches from centre to centre. It may 
■ esnmated roughly that the heating surface of the fire-box and 
bes amounts to 1,100 square feet. 

The supply of steam is admitted to the engine by moving the 
bidle H, which opens a ri^u/a/or valve, as it is termed, ?,\V\ia.\£i.\n. 
p steaa-dome D, and allows a supply of steam lo ^SlSS io-wrv 'Ooa 
ie marked sand so into the cylinders. After l\ie sVeamVas ^o-wa 
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its work it is discharged by the pipe b, which is placed d 
under tlie centre of the chimney, and drives out ihe air bi 
so as to increase prodigiously the draught through the tubes 
145. In order to heighten the effect thus produced 1 
action of the waste steani, upon which the success of the 
motive boiler mainly depends, the blast pipe is cotitracted 
what at the orifice, so as to spread the jet of issuing steal 
make it act as if it were a solid piston driving the air be 
through the chimney. On comparing the action of this 
pump with that of the lofty chimney of a stationary boiler the 
is certainly remarkable. Applying a siphon water gauge 
the performance of a chimney on a prodigious scale, as in tt 
works at Edinburgh, where the stack is 340 feet high, 20 feet 
diameter at the bottom, and i r^ feet inside diameter at tf 
and where the gases from 68 furnaces heating retorts are 
collected and passed into the atmosphere, it is recorded t! 
vacuum on a calm day was about si inches, whereas in 
weather it rose to 3^ inches, and amounted under high iri 
as much as 6 or 7 inches. The increase here noticed was 1 
due to the influence of a cross-draught at the top of the chii 
Talcing tlie greatest pressure of the wind in England at 3; 
per square foot, and that of atmosphere as 2116-4 lbs. per, 
foot, or 65 times as great, ive infer that the pressure 1 
strongest gale would raise water in the leg of a siphon 
through jfj feet, or 6 inches, and these numbers ^viJl givt 
insight into the pressure of the wind as compared with tli 
ficia! draught of a chimney. At any rate Uiey assist us ii 
mating what takes place under the blast of tlie locomotive 
we are told, as by Mr. D. K. Clark, that in a locomotive ■ 
where tlie boiler had 14S tubes, with a blast orifice 33 iiu 
diameter, the vacuum in the smoke-box at a speed of 16 mi 
hour was i| inches, as sho\vn by a siphon gauge, whereas 
miles per hour it improved to aj inches, and at 30 mites pc 
to 4^ inches ; the recorded vacuum in anotlier engine runi 
I 40 miles per hour being 6^ inches, or about equal to that, 
exceptional circumsla.nces, "N^.'ii a. cliinmey 340 feet hig^ 

Claik analyses, in a vei^ useSu\ fiw^efiaiiOTv, ■&«. -jTOsssa. 

tions wlii-ch modify or varj tVe eA»^^^:«^%Y^« ^^'^^ 
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rhich it appears that every part of the locomotive boiler has been 
nbjected to careful experiment, in order that the best result may 
)e obtained. 

Some idea of the dimensions of the various parts should be 
jiven ; and, taking the case of a passenger engine by R. Stephenson 
ind Co. for the South- Eastern Raihvay, as described by Mr. Clark 
n i860, we find that the fire-box is 4 feet long, 3^ feet wide, and 
5^ feet deep, surrounded by a water space 2\ inches across. In an 
ordinary furnace of a stationary boiler the layer of fuel is some 4 
inches deep, v/hereas here it might be as much as i^ feet deep, or 
even more, and the different conditions for burning the fuel are 
ipparent at once from this statement. 

For a modem example we refer to an express engine on the 
London and North- Western Railway, where the cylinders are 
inside, between the frames — in the smoke-box, in fact — and have 
a diameter of 1 7 inches, with a stroke of 24 inches. The area of 
the fire-grate is 15 square feet, the heating surface of the fire-box 
being 89 square feet, and that of the tubes 1,013 square feet The 
boiler is fed by two injectors placed vertically behind the fire-box. 
The distribution of weight on the wheels is stated to be 9 tons 
9 cwt. on the leading axle, 1 1 tons on the driving axle, and 8 tons 
15 cwt on the trailing axle. The total wheel base is 15 feet 8 in. 
The engine can draw a load of 293 tons on a level at a speed of 
45 miles per hour with a working pressure of 120 lbs. per square 
iach. There are four driving wheels, each 6 ft 7 J in. in diameter, 
coupled together by outside rods, the leading wheels being 3 ft 
'^ inches in diameter. The consumption of coal per mile is 26*3 
bs. with trains averaging ten carriages. 

Also for burning coal instead of coke there is a brick arch over 
he fire-box extending from the front backwards through half its 
ength. Under this arch are two circular 7-inch holes covered 
)y doors which are worked from the foot plate and regulate the 
iupply of air. 

146. There is not space to discuss fully the question of the 
trength of the various parts of the locomotive boiler. It is obvious 
iiat the rules as to the strength of the cylindrical barrel calculated 
or the Lancashire boiler apply equally here, and in regard to the 
ire -box we have only to point out that where one flat side is in 
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jux la position iviih an ouLside fiat casing, and connei 
stays, there is abundance of strength, as due to the st3_v&- 
Bal surfaces held together by a number of intermediate stay^a 
subjected to equal pressures in opposite directions, beingitf 
siruction which presents no difficulties. But the same c 
said of the flat crown or roof of the fire-box, above which, atal[[ 
distance, is the arched top of the cylinilrical barrd. 
adopted on the Great Northern express engines is to connect 1^ 
roof of the fire-box to the external shell by wrought 
stays, each \ inch in diameter, screwed into the copper plates a 
into the iron casing. Another method is that indicated in fig. i 
where a series of ribs or girder beams are fitted to the bendi(( 
the front and back plates of the firebox, and to them the flatro 
is bolted. The ribs are further linked to the crown, so as to B 
part of the downward strain on tlie lateral fixings of the fire-boi I 




box. 



THE MARINE BOILER. 

to the marine boiler of the old-fashionti , 
was provided with flues, but tiow has tulm 
and which possesses an advantage at M* 
time seriously referred to, viz., thil it 
be adapted to the shape of the boflt(W 
page 94). The general construction' '" 
be apparent from the sketch without wij 
particular description. The furnace ' 
enclosed entirely within the shell, « 
the hot gases pass through a series rf 
horizontal tubes, which are larger 
, diameter than those in a locomodre 

boiler (say from 3 to 4 inches 

' ter). After passing through the tubes the 

I gases enter a smoke-box corresponding » 

that previously described and rise by ll* 

uptake into the funnel. 

As the sketch shows only a section cJ 
a 'boWe^ Vraiii. ia ic's.Ui in the fonn of 
I very little aVteraUon ■flOv.Xi -tcs^e \v ^tic ■«! ■".-ny.-cjoii.' 
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ine boiler for generating steam under a high-pressure. Such a 
er may consist of a cylinder some 10 feet long and 12 feet in 
neter, the section of which is very similar to that shown, the 
s being flat, and a series of tubes running horizontally through 
water space above the fire. It is unfortunate that the limits of 
\ book do not permit of a more extended reference to this 
nch of engineering construction. 

PROPORTION OF FIRE-GRATE TO HEATING SURFACE. 

148. Before concluding the chapter something should be said 
to the relation between the area of the fire-grate and the amount 
heating surface in the boiler itself. This is a practical question 
lich has been settled to some extent by experience, and the 
lult can only be stated on authority. 

In the Lancashire boiler, 27 feet long, with two internal flues. 

e fire-grate has an area of about 33 sq. feet, and the heating 

rface in the shell, furnace tubes, and water pipes amounts in all 

about 850 sq. feet ; whence the proportion of fire-grate to heat- 

% surface is about 

I to 26. 

r W. Fairbaim states (* Mills and Millwork,* p. 267) that he has 
ually adopted the proportion of i to 1 7 ; that the allowance in 
jmish boilers is about i to 25, whereas it has been a practice in 
itionary boilers to adopt the ratio of i to 10 or 15. 

In the North-Western express engine above referred to the fire- 
ate area is 15 sq. feet, and the heating surface is 1,102 sq. feet, 
iking the ratio of fire-grate to heating surface as i to 73, while in 
50ods engine for an Indian railway the heating surface is 1,327*3 
. feet, and the area of the fire-grate is 25-5 sq. feet, making the 
do I to 52. In a marine boiler generating steam at 80 lbs. pres- 
re the heating surface may be 3,100 sq. feet, and the area of 
e fire-grate 117 sq. feet, making the above proportion about 
to 26. 



CHAPTER VII. 



COMPOUND 

149. It has been Stated that an engine with two steamd 

; exhausting into the other, was invented by Homblowj 

fbnii of a single-acting engine, and that it was converted|| 

into a double-acting engine. 

I 1804 Woolf took out a. patent {No. 2,772) forj 
I improvements in the construction of steam -engines,' : 
proposed to employ two steam cyhnders of different d 
I each furnished with a piston, the smaller cj-linder havii^J 
I ipounication at the top and bottom with the boiler, but con 
Biting also with the two ends of the larger cylinder in si 
that the steam should can 
pistons to rise and fall tc 
The specification d( 
B^_y^ the admission of steam at 
sure of 40 lt>s. on tliesM 
into the smaOcr cylitu 
to drive the piston dl 
time that steam fro 
the same piston is 1 
into the larger cylp 
pressing its pi.ston si 
same direction. 

Tlie working of 
engine will be undersi 

k--; — the sl;ctch (taken froi 

""■ "■*" diagram), where the 

*maH pistons moving \n c-jVTv&vtaX. v^sa^i^jsi. Bftaaro. i 
t s, and passes at ot\ce to \he \i\>V'^^ t(\i cS. ■&*. c^'vasi 
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lie steam below the piston in a is escaping by an open passage 
o the upper part of the large cylinder a At the same time the 
team below the piston in b is escaping into the pipe h, which 
^ds to the condenser. Thus both pistons descend together. 

On depressing each valve rod the passages are reversed. 
•team from s enters the lower part of a, while steam from the 
ipper portion of a passes down into the lower part of b. Also 
he upper end of b is freely in communication with e, which is 
Iso a passage leading to the condenser. 

Hence the two pistons are similarly actuated by the joint 
pressure of the steam in each cylinder. Woolf was here adopting 
iomblower*s engine to a new purpose, and his specification is 
principally remarkable for a palpable error made in the statement 
►f advantages to be derived from the use of high-pressure steam. 
Voolf says : — * I have ascertained by actual experiments, and have 
•pplied the same to practice, that steam acting with a pressure of 
I- lbs. the sq. inch against the safety valve exposed to the atmo- 
phere is capable of expanding itself to four times the volume it 
hen occupies, and still be equal to the pressure of the atmosphere.' 
Vjid the like for steam of 20 lbs., 30 lbs., 40 lbs. the sq. inch on 
he safety valve when expanding to twenty, thirty, forty times its 
original volume, the resulting pressure would * be that of the 
•tmosphere.* Thus steam of 20+15 ^t)s. actual pressure would 
expand twenty times in reducing its pressure to 15 lbs. 

Although Woolf wandered thus hopelessly in his theories he 
^'as a thoroughly practical mechanic, and performed most admi- 
able work in the construction of high-pressure engines, and in 
Ldvocating tubular boilers for the generation of high-pressure 
team. 

ENGINES OF SIMS AND M^NAUGHT. 

150. In 1841 a patent (No. 8,942) was taken out by J. Sims 
for a compound cylinder engine, the improvement consisting * in 
constructing a steam cylinder divided into two parts of different 
areas, and with t\vo pistons attached to one rod, whereof one fitted 
the upper and the other the lower part of the said c^YmCi^T? 

A constant vacuum was maintained in ihe space "B'B Xie-V^^^*^. 
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the two pistons by the open pipe t leading Into the condenser, 
and a pipe h, provided mth an 
equiUbrium valve e, formed a com' 
munication between a and C Tiie 
specification described the area o( 
p as being one-fourth that of R, 
and steam from the boiler ««i 
admitted into a, through die 
valve E, during a portion (say on^ 
third) of the dow-n stroke, and the 
space c was opened to the exhausl, 
wliereby p descended, as in any 
ordinarj' engine. On llie return 
stroke e was opened, when ihf 
pressures in the spaces a and e 
became equal ; and since the area 
of p was much less than tlial of i, 
ihe pressure in c would preponderate and p would be earned up 
wards. The arrangement of the valves bore a close reseuibliDM 
to that in a single-acting engine, and the peculiarity consisted 
tlie preservation of a constant vacuum between the pistons. As 
far as expansion was concerned, a portion of the down stroke and 
the whole of the up stroke was performed after the cut-cff had 

151. In 1845 W. McNaught patented (No. 11,001) anew foi 
of engine, wherein a higb-pressure cylinder was incorporated ia 
ordinary condensing engine of the overhead beam consmicdon. 
This process, whereby many old and wasteful condensing engiao 
were converted into useful compound cylinder engines, was called 
McNaugliting an engine. The patentee described the improw- 
ment to consist in the application of a non -condensing cylinder » 
tlie kind or description of condensing or low-pressure " 
commonly used, and attaching the high-pressure cylinder to l!x 
working beam at the end opposite to that willi which tlie 
pressure cylinder is connected, whereby the steam, after being 
used in the usual way in tlie non-condensing cylinder, passed 
tie nozzle of the conAensm^ cftmiet, b.\v4. -kis there used fa 
(Impelling its piston, afteT \\V\c\-v \\. e^'a.'^i m\n ■ii,^ 
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specification coniams n drawing of the coraiiovmi! engin-:, and ' 
laibes a method of deriving the valve motion of each cyiindt:i 
riom one and the same eccentric 

DOUBLE CYLINDER PUMPING ENGINES. 

15a. An example of double cylinder engines which has been 
Carded with much interest is to be found in the pumping engines 
Brected by Messrs, Simpson at the Lambeth waterworks, where 
bur engines of 150 H.P, each are fixed side by side, arranged 
n two pairs, each pair working into one shaft, with cranks at right 
ingles, and a flywheel between them. The stroke of the crank is 
iqual to that of the large cylinder, but the small cylinder, which 
ieceives steam direct from the boiler, has a shorter stroke, and its 
iffective capacity is nearly one-fourth that of the large cylinder, 
fhe pumps are of the combined plunger and bucket construc- 
ion, that is to say, they are double-acting and have only two 
Blves. They are connected with the beam near its end. One 
jeculiarity of these engines consists in the use of a crank and 
(jr-wheel for controlling the motion of the piston. The work 
O be done was that of forcing water along a cast-iron main, 
► miles long and 30 inches in diameter. As stated by Mr. Pole, 
D his account of the matter, ' the great mass of water in motion 
[long the main, combined with the fragile nature of cast-iron, 
CTidered it essential that the motion should go on in the most 
iquable manner, and that concussions or irregularities of pressure 
hould be as much as possible avoided.' The inequality in the 
Icdon of a single cylinder pumping engine was therefore dreaded, 
Bid Mr. Pole, in conjunction with Mr. D. Thomson, was led to 
lesign engines connected with a fly-wheel and at the same time 
idmitting a high degree of expansion in the use of steam. The 
Hy-wheel ensured regularity of motion, and the pair of cylinders 
gave an opportunity of increasing the ordinary rate of expansion. 

The engines were on a large scale, the low-pressure cylinder 
l>eing 46 inches in diameter, with 8 feet stroke, and the high- 
pressure cylinder being 28 inches in diameter, with a stroke oi 
% feet 6^ inches. The length of the beam was 26^ feet. Also tht- 
btroke of the pump ivas j feet, the dian:ieter ol fee ^Mim^^iimt^ 
iieing about 2j Inches. 
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153. The valves were arranged so as to prevent as far as 
possible any loss of pressure in Ihc passage cf steam from the 
high to the loiv pressure cylinder. The general character of the 
valve for distributing steam is apparent from the diagram, whid 
does not indicate in any way the details of construction- It will 
have been noticed that in the sketch of Woolf 's engine two doublt 
piston valves are caused to work in distinct passages. Here; 
however, a single valve fulfils the same office as the pair of valte* 
in the former case, and the idea appears to have been to phia 
two of Murdock's valves back to back and mould them inloi 
single hollow but closed pipe, with ports at its two ends. 

154. The drawing shows the high and low pressure cylinders, 
marked respectively a and n, and placed side by side with the 




L 



\alve EE, working in a pipe h k lying between ihe steam cyUmfenl 
The circles at 11 and k represent passages leading to the condense, [ 
stca/i) ijeing admitted Into the twiddle of the slide case Ity a p 
niarfced on the slcctch. l.nt.\vett^v"T\awi^'eaiit%v=Ka,">s.^'5<jQsed | 
'o be entering above the pwt.Qu\ti k ot\& iivrav^i.^. & 
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while steam from below the same piston is passing up the pipe 
i E and entering the space above the piston in the low-pressure 
cylinder E. At the same time steam below the piston in b is 
escaping through an open port into the passage k leading to the 
condenser. Thus the pistons descend together, and may therefore 
be attached on the same side of the fulcrum of a working beam. 
In the lefl-hand figure the pistons are both represented as 
scending after the completion of the downward stroke. Steam is 
entering below the piston of the high-pressure cylinder, and a 
clear passage is open from the top of the same cylinder down the 
pipe E E and into the space below the piston in the low-pressure 
cjlinder. At the same time the top of the larger cylinder is freely 
open to the exliaust pipe h. Thus both pistons ascetid together, 
1 from A exiiausting into c, while b itself has one end 
open to the condenser. The action is extremely simple, and will 
Ije readily understood. 

The valves, which are worked by cams, are cylindrical, and 

te packed by cast-iron rings, as in the case of an ordinary piston, 

;s being placed inside the rings, in order to assist their elas- 

y in pressing outwards and ensuring that the surfaces of contact 

I be steam-tight The cylinder ports are rectangular, with 

led bars across the faces, to prevent the packing rings of the 

s from catching against the edges of the ports. 

t is stated that the passage e e is C inches in diameter or one- 

1 of the area of a section of the low-pressure cylinder, the 

d of the piston thereof being 330 feet per minute. It appears 

^Sthe valve has completely answered the expectation formed of 

It m permitting only a very moderate fall of steam pressure during 
the passage from a to 11. 

155. The draiving on the next page shows the arrangement of 
a compound cylinder beam engine of moderate size. The sketch 
has been sunplified by substituting dark lines for many of the work- 
ing parts. In particular the student will find the parallel motion 
set out in that manner, and he should refer back to p. 122 for 
fuller explanation. There are two black spots on the circular space 
representing the end of the crank shaft, the object be\n?, to viAv- 
cate the centres of the eccentric sheaves whidi -wot^ \;i\«i n^in-s^, 
jUso doited Uaes pass from these points to oX\ier daiV^.^QXs "visx 
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under the base of tlie high-pressure cylinder, and are intended to 
show the connection from the eccentrics to the bell cranks work- 
ing the valves. The governor is clearly indicated, and the reason 
for its particular form will be discussLd hereafter. At present we 
may point also to the section of the condenser and air pump, the 
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bucket being fitted witli indiambber valves, as siilisequL-nlly 
Scribed. 

The dimensions of the engine are the following: — 
Diamet'^r of high- pressure cylinder . . i3i inches. 

Lenjtth of stroke .... 2 feet. 

Diameter of low-pressure cylinder . 20 inches. 

Length of stroke , . . .3 feet. 

156. The general character of the indicator diagram takeft 

from Mr. Pole's doable cylinder engine will be understood fnini 

its analogy to the diagram from a single-acting engine. 

1. As to the high-pressure cylinder, that appears to monopolise 
peater part of the area of work done, but it must be borne in 
that the diameter of the 
A is much less than 
ird also that, in the 
^ of a beam engine, the 
ll of stroke is less. Hence 
jer diagram requires to 
wed on a dinrinished 
\ before it can be fairly 
red with the lower one. 
i, As to the low-pressure 




Fig. 



er, that gives the diagram of an ordinary condensing engine, 

I no remark is necessary with regard to it, except that the space 

If separation between the two figures is seldom so small as in the 

t example. There is commonly a much more considerable 

I less of pressure in passing the steam from the high to the low 

I T^ressure cylinder than that shown by the divergence of the e\- 

liausl and steam lines in the middle portion of the diagram. 

According to the present illustration steam is admitted into 
the small cylinder at 35 lbs. pressure, and is cut ofl^at four-tenths 
«f the stroke, the total expansion being carried on in the large 
cylinder until it reaches eight times. Here, then, is an example 
of a compound cylinder condensing engine working at a steam 
'pressure of 35 lbs. above the atmosphere and expanding eight 
limes, but yet preserving the smoothness and uniformity of mouon 
n ordinary condensing engine ex\ia.Tii\'[\^ a.\. a.\c^ 
n the early days of steam power. 
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le trial of these engines the recorded duty for i 
97,06^,894 fL-lbs., which is equivalent to 2-3 lbs. of coa 
per actual H.P. per hour, neglecting friction and other losses. 
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57. In the working of a compound cylinder engine, where the 
small cylinder exhausts into the large one, the work done u<l 
stroke depends on the size of the large cylinder, and is the sain 
as that which would be performed in a single cylinder of the sanM 
content, by expanding to the same extent from a like Inifia 
pressure. 

This proposition is easily proved, and anyone may satisfy him- 
self that it is approximately true by examining a well-formed indh 
cator diagram as taken from a compound cylinder engine. 

Referring to fig. 119, which is from ao engine having a high- 
pressure cylinder 18 inches in diameter, with a 6-feet stroke, aod* 
low-pressure cylinder 36 inches in diameter, with a stroke also dj 
6 feet, the number of revolutions being 34 per minute ; 1 

Since the lengths of stroke are the same, and the areas ot the 
pistons are as i to 4, it follows that the indicator diagram, matkcffl 
A, as taken from the high-pressure cylinder, would be reduced t* 
the same scale as that from the low-pressure cylinder, marked % 
if we supposed the diameter of the latter cylinder to be jt 
inches and the stroke % feet, or one-fourth of that which ■ 
really is. This result is set out in the sketch. The diagBii 
marked a is reversed in position and repeated on the right-hMffl 
side by measuring off a series of liorizontal lines, such as c D, aofl 
making c d=. \ cd in every case. In this way the upper shaiW' 
area represents the work done in the high-pressure cylinder a 
would appear on the scale adopted in the low-pressure cylindU 
Tlie bottom shaded area is merely a repetition of the area d. 

Wlien the two diagrams are put together it will be seen ih 
the two portions of the expansion curves fit very fairly or n 
ont, and that the expansion commenced above .r is carried ^ 
t/iroiighout the slioV,e. U w'v'A 'be. tv^J'iiwi "feas. xtvere is 
de/ect of siirularity between \K\s toa^^TO. aaft. ^. \A. ^.s*.^ 
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. line is B is horizotital at first, and then slopes downwards, 
it is horizontal at all is owing to some peculiarity in passing 




the steam fix>m one cylinder to the other, as there should be the 
Ao^ of an expansion curve throughout. 

But any deviation from theoretical proportions does not affect 
the general inference to be drawn from the two diagrams when 
viewed together, and we see that the expansion which has occurred 
in the high-pressure cylinder might veiy well have taken place 

the low-pressure cylinder, as something which preceded the 
actual expansion therein. 

158, The mathematical proof is the following: — 

Sir.ce the bottom of the smaller cylinder 

opens into the top of the larger one, it will 

mnplify matters to suppose the cylinders to be 

one line, with their pistons at p and r such 

at c P = E R. 

Let CD = EH = /, cp = er = j:. 

Also let A and b be the areas of the 
smaller and larger pistons, the pressure of the 
steam above a being/, that below it being/', 
and that below d being zero. 

Then /' :/ = /a : {l-x) a + Ba: {by 
Boyle's law). 

pi' 
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.'. work done=/A^rfA H-Z/i'lB— A)rfj: 

=.A/:c + A//./' (»-*)'^* 

■' /A + (B-A)a! 
= A/* + A//log. {/a + {b-a)4+C. 

Taking Ihe integral between the limits ac i= /, j: = o, we in 
work done = A// + \pl {log. »/— log. a/] 

-A//{i+log.^ j . . . . {l^ 

If the steam had expanded in a single cylinder of seOiooi 
area b, and the cut-off had occurred wlien the piston had tiaveraa 
a space y, the expansion being finally in the ratio ?, ire diod 

have had^ = — i and, applying the fomnila of Art- ni.itip 
be found that 

work done = b/j W + log. - [ - • (j) 

But ^fy = A/ /, and therefore the expressions (i) and (i 
identical, which proves the propositioa 

Cor. The form of equation (i) may be altered. Thus,! 
the steam expand e times, so that e = ?, 

.■. work done = -^ i ^ "* ^^- ^ \ • 
So, also, equation (2) becomes, (since y = - I , 
w„,kd.„= = !f' {.+l„g..}. 

POINT OF CUT-OFF IN SMALL CVLINOEli. 

159. Mr. Pole proved, in 1851, that in the case of c 
with compound cylinders there is one particular point of ihesO 
where the steam ma-^ \ie mosx. afiNraXia^^tsaA-^ <;:>& aff^ so fitr as d| 
initial pressure ou t\ie pibIot:»s Sa catvwiw&,MA'CEai.^N«s. ■, 
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lay be reduced to a minimum value dependent on the degree of 
The investigation is the following : — 

Let / represent the length of each cylinder, 

T the length of stroke in the small cylinder before the cut-o 
' A, B the areas of the pistons of the small and large cylinders ' 

lectively, b being constant, while a and r \-ary. 

/ the pressure of the steam on admission into the sm alitor 

^der, whence <-j is its pressure on admission into the laige 
lindet Then 

initial pressure =/a + (b— a)-^-- 

' But the whole expansion =— 




■ z, then we have/ a 



E suppose. 
-Pi 



itial pressure ^ ^ 



or / = /-a/e 

hich determines the point of cut.oif when the initial pressure cpf 
e steam on the two pistons is the least possible. 

Also, initial pressure = " — y&ps~^-. 



p 

~ 


=^"{7:-7-.-|} 




...(^). 


Kx. 


I. LetEr=,o, .-. r=-i.=-^v'S = /(-3>)ne«tl?. 




*>» * = 7; = S ^" = ■ (-3^) »>»''!'• 
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iaaj pressure =j>B^^_^lP^^\ =^B x -^^i. 
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ENCIXES WITH CRANKS AT RIGHT ANGLES. 



i6o. For many purposes it is enough to have an engine wifliB 
ringle steam cylinder, or the equivalent WoolFs engine, mth ap^ 
of cylinders acting as one only ; but, on the other hand, tbtitSfj 
numerous instances where two engines should be placed adeta 
side and work cranks at right angles to each other. TTiisK 
particularly the case in applying steam-power to flour mjlli or tS 
cotton mills, where it is of consequence to preserve the rMaW 
pressure on the crank as nearly uniform as possible, and Ij 
maintain a smooth and even motion. Or, again, in marine enginaij 
for convenience of starting in any position, the same rulewtB^ 
hold ; and before proceeding further it may be useful to point ta 
the reason for the greater uniformity of rotative pressure whid I 
a consequence of working with a pair of cranks at right angles. . 

It has been shown in Art. no that the variations of tangoM 
pressure on the crank of a direct-acting engine are represented H 
the vertical lines on a diagram similar to that shown by the doUM 
curve i/in the annexed sketch. Putting a series of such cinW 
end to end, we obtain a graphical indication of the fluctuatioiMri 
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tangential pressure during the working of an engine wirfi <"" 
cylinder. The force is zero at a dead point, and rises to /f,* 
greatest value, after which it sinks again to zero. But if IW 
be a pair of cranks at right angles, a second series of diagnml 
•tative pressures inuat be sj^e.T^':i^i -i-^^ *« first serin, * 
•vn by the second act ai dotteic^e^^-w^^^l «««.^ms». 
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Hted he, and the final result is exhibited by the upper line, not 
tied, which is obtained by adding together the pairs of ordinates 
each point; for example: — 

ab-V ab=.ae, 

e greater uniformity of rotative force is apparent, and it would 
improved by cutting off at half-stroke in each cylinder, for then 
i curve i * would be hollowed out and reduced, while the part 
would be unaffected, and the upper resultant wavy line would 
come more nearly horizontal. By proceeding in this manner 
IS easy to set out a diagram of the rotative pressure upon the 
nks of any pair of engines working under given conditions. 
i6i. Inapplying Hornblower's principle todirect-acting engines, 
ere two cranks at right angles are to be connected with the 
inders, there are different methods for adoption, each of which 
i its advocates. One plan very commonly met with has been 
Oplace the high and low pressure cylinders in pairs, with their 
ts in the same straight line, so that one piston rod serves for 
h. Thus, in marine engines, with the cylinders vertical, there 
rbe — 

I I. The high-pressiure cylinder above the low-pressure cylinder, 
a. The low-pressure cylinder at the top. 

3. The low-pressuie cylinder encasing the high-pressure 
iader. 
But in each of these cases, as also in compound cylinder 

"izontal engines, it is usual to confine the expansion to one pair 
Q'Unders, although there is an example, to which reference will 

Ortly be made, in which the steam is carried in succession 

jiough four cylinders. 

THE USE Of AS INTERMEDIATE RECEIVER. 

' 162. In another class of compound cylinder engines there are 
b cranks at right angles, but only one cylinder connected with 
fch crank. Here each cylinder forms, as it weie, ot. em^tvt 
nplete in itself; the cylinders (called a and B, as \ia^QT(^ «Xfc 
pnf Bide bjr side, and are of equal length, and \\\c -^aaA Vc. \ifc 
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noticed is, that t!ie pistons in a and b no longer move togefl 
but that one leads the other by half a stroke. It is clear 1; 
Homblower's mode of exhausting at once from a into B is 
longer applicable, and that some special method of distributi 
the steam, different from anything that we have yet seen, must 
arranged. The difficulty arises from the fact that the directit 
of motion of the pistons cross each other, whereby, for examf 
when the piston in a is at the end of its stroke and about 
ascend, that in a is in its middle position and is descending; 
order to get over this obstacle Mr, Cowper has proposed to place 
intermediate receiver between the cylinders a and b, which sb 
act as an exhaust reservoir for the steam coming ftom a, and n 
boiler for the steam going into b. It appears that engines witil 
receiver have worked well in practice, but it seems difficult I 
justify the use of this arrangement by a strict reference M li 
principles of the theory of heat. 

A general idea of the arrangement of the engine proposed ll 
Mr. Cowper may be gathered from the sketch, where the i^linda 
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A and B are placed side by side, and the high-pressure cyliDiIO J 
is enveloped in a steam receiver or reservoir, marked ^ " 
content of which is perhaps three times that of a. In a f^^ 
engine on this plan steam (say at 70 lbs. pressure) would eol*' 
and be cut off at half-stroke ; it would then expand and fiUBl 
exhaust itself into the receiver, where the pressure would tfl 
ftom, say, 10 lbs. to 14 lbs. The receiver would supply sK" 
for the low-pressure cylinder B, just as if it were the boiler of" 
ordinary engine, and the pressure of the steam in c wooU W 
to 10 lbs. when the demand upon it was made, but wouldl* 
to 14 lbs. when fresh steam entered it from a. 

The temperatuie of the steam in the jacket surroundiii|*i 

therefore, much be^ow t\vat ot ftie eWiai\Ti^a.fiTO.,-wWK.hirt 

departure from "Wattfs \iTact\ce. 



undiog*! 
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HILNEKS COMPOUND CVLINOEtt I 



L mode of working a compound cylinder engine with 

^ cranks at right angles, and without an intermediate receiver, 

bs patented by J. Milntr in 1853, No. 2,281, It does not ap- 

r that the engine has ever come into use, but it is referred 

^ as an exercise for the student. 

The specification describes the engine as having two working 
prlinders, with pistons connected to two cranks placed at right 
^es to each other on the same shaft, one of the cylinders being 
r capacity than the other. The valves are worked by 
ccentrics, and it is ' arranged that steam may be admitted 
n a boiler into the top of the smaller cylinder until the piston 
Ja made half its stroke, and then be shut off. A communication 
It made between the top of the first cylinder and the top of 
le second one, whose piston is then at the lop of its stroke.' 
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' The part of the sketch marked (i) shows the piston of the 
*naller cylinder a descending, the steam being just shut off, while 
lie piston in the larger cylinder b is at the top of its stroke, and is 
ta the point of descending, as marked by the arrow. 
I As to the opening of the cylinders a and b to the condenser, 
lis tobe observed that the lower part of a is open to the exhaust 
luring one half of the down stroke, and the same is true of the 
?»per part of a during one-half of the up stroke ; whereas the two 
9lds of B are alternately open to the exhaust through nearly a 
►hole stroke, just as in an ordinary engine. 

' The distriburion of steam is different ftottv ft\a.\. "flx fet ws^ii- 
xtaad engines hitherto examined. The steam ■w^vi.civ^ossfta tco^a. 



248 TVw Stmm Engine, 

A to D is not conducted from the top of A to the bottom of 
so on, but the direct contrary, whereby the method which a[ 
most natural, and which was originated by Hornblower, is 
doned. Steam passes from the top of a to the top of 
expands against both pistons at the same instant. 

Diagram (a) shows this expansion going on. There s 
ordinary D valves working against steam-ports connected ' 
one at ^e top and the other at t!ie bottom thereof, and the e; 
passages communicate from the top of a to the top of 
from the bottom of a to the bottom of a 

Diagram (3) shows the state of things wlien the piston in 
come to the end of its stroke and is beginning to return, the 
ends of a and b having been just opened to the exhaust 
is apparent that during the interval existing between (2) 
the space occupied by steam is getting less in a and is bee 
larger in B, whereby the actual expansion is from - to : 

that is, from a to a + 2 n. 

There is no difficulty in seeing that the action which 
beginning in (3) would pass through a like phase to that ind 
in (z), and that expansion will go on between the lower end 
Mid B until the piston in b has reached the top of its stroh 
openings to the exhaust will be made in both cylinders, 
by diagram (i). After this the operation repeats Itself 

The indicator diagram, which might be taken from d 
pressure cylinder of a Milner's engine, is the only one ' " 
sents any peculiarity, and would 
what of the character sketched. TIf 
expansion between a and b begins 
stroke in a, but there may be a pn 
I cut-off of the steam in a, as shown 1 
■ in such a case the expansion would b 
i little farther than has hitherto tx 
posed The steam in a begins to e 
into the cylinder b at the point b, an 
goes on until half the return stroke is completed, when thei 
sudden opening to Vhe esivau^S. 't^iis c^as«.=, \i\e pressure to 
^flfld there is the lowerinSi «^^'^^*-^'^ '^i'^"™^ " °" 
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Uiis mode of working. The diagram in the other cylinder — 
—is the same as in the case of any ordinary double cylinder 

QUADRUPLE ACTION ENGINE. 

64. We have now to mention a successful engine by Mr, 
ison, where the expansion is carried on through four cylinders, 
C, D, whereof A and e are in one line, and have a common 
in rod, as are also c and d, the two cranks on the driving shaft 
ig at right angles, and the general arrangement of the engine 
that shown in the sketch. 




Fig, 125. 

Such an engine affords an example of the combination of 
imblower's method of working with that of Mr. Cowper. Steam 
m the boiler enters a and exhausts into b, the pistons in k and v 
Fving together. So far we have the ordinary double cylinder 
pne working the crank at r by means of the connecting rod 
L But in passing over from b to C it is necessary to connect 
) cylinders where the movements of the pistons cross, the crank 
t being at riglit angles to that at r. Hence this is a case where 
intermediate receiver applies, and accordingly such a reservoir 
>taced at e and acts as a boiler for the pair of cylinders c and 

These two latter cylinders are a mere repetition of the first 
r, with a common piston rod, and equal length of stroke. In 
ler to keep up the pressure of the steam the lecewei Y. "& wss- 
ttded by a jacket Riled with steam direct from ftie\)oie.i. 
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The work done is that of driving the machincTy of 
mill having 48,000 spindles, with all the requisite prqiaration, 
the steam is produced from two steam boilers of the double- 
Lancashire type, each 30 feet long by 7 feet in diametei, 
furnace flues 2 feet 10 inches in diameter, which are crt 
five conical water tubes welded into the flue rings. The 
pressure of the safety valves is fixed at no lbs. jier square 
The shel! and fire-box of the boilers are made of steel 
the flues are put together whli Adamson's flanged seam formed Ml 
flue rings in 3-feet lengths. It is estimated that — 
Total heating surface in the two boilers is . i, 
Heating surface per square foot of firegrate . 3 
„ „ per indicated H.P. . . i 

The receiver is formed like a portion of the furnace flue of I 
boiler, being a cylinder with flanged joints and crossed by conici 
pipes, which increase the superheating surface. It is sumiuadeJ 
by a cylindrical casing having flat ends, and with flanged jcffli* 
the object being to obtain a strong superlieating vessel which ib*8 
keep up the temperature of the steam after exhausting from t 
The temperature of the boiler steam is given at about 344° F. 

In an account of the performance of the engine It is SBK' \ 
that steam at 92 lbs. pressure enters a, where it exerts a 
effective pressure of 34-9 lbs. It then exhausts into n, ei 
that cylinder at a pressure of 57 lbs., and exerting a meanpKSOB . 
of 26' I lbs. From B it jjasses into the receiver e. 

Steam for the supply of the cylinder c is drawn WW Ik 
receiver, and enters at a pressure of 19 lbs., its mean pressure bei<| ^ 
i4'85 lbs. It finally exhausts into D, entering at an initial preBBt 
of 1-5 lbs., and exerting a mean effective pressure of 9 lbs. fico 
u it passes into the condenser. 

The engine has a stroke of 5 feet, and makes 43 tcvolubO* 
per minute. The diameters of a, B, C, and d are 17, aj^ 3^ 
and 42 inches respectively, whereby the piston constants fo^^^ 
c, and D may be obtained by multiplying 430 into the aMi of 
each respective piston in inclies, and dividing by 33,000. Tti 
gives the followiiiB numtacTS, tw 'Avt ^latcm constants, namely : 
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. Indfrated H.P.= 2*957 x 34*9 + 5'i8 x 26-1 + 9*36 x i4-854- 

1805x9^ 

= 103-2 + 135-2 + 139*0+ 162-4 

= 539*8 

Ike consumption is stated by Mr. Adamson to have been, on one 
oiticakir tiial, as low as 1-77 lbs. per H.P. per hour. 



FOUR-CYLIXDER COMPOUND 31AR1NE ENGINES. 

165. We conclude this chapter by referring to some fom- 
rfanda compound marine engines, designed by Messrs Mauds- 
sj^ Sons, and Field, and fitted in the vessels of the White Star line 
gf mail-steamers which make the vojrage between Liverpool and 
Sew Yoik. Similar engines have ^dso been fitted in other ves- 
ids. They woik to about 5,000 H.P., and exhibit a remarkable 
economy in the consumption of fuel ; presenting, in &ct, an ad- 
miizble practical illustration of the excellence of the system now 
idopted in powerful steamships. 

The writer is enabled to present two external views of the 
engines in question, as well as a section through the cylinders and 
Talves, which latter will give the student a complete insight into 
die mediod of distributing the steam. 

^g^ 126 is a front elevation of the engines ; fig. 127 is a side 
devation, showing also a section of the vessel; and fig. 128 is a 
section through the cylinders. But inasmuch as a section perpen- 
&iilar to the screw-shaft does not take in the valves and steam 
passages, the drawing in fig. 128 is altered h)'pothetically, and the 
Tahes are supposed to be brought round into the plane of section. 
In this way one diagram suffices for exhibiting both the working 
of the valves and the connection of the pistons with the screw- 
shaft. 

To b^;in with the smaUer, or high-pressure cylinder, which 
is 48 inches in diameter, with a stroke of 5 feet Steam fix>m 
die boiler, at a pressure of 70 to 75 lbs. per square inch, enters 
die outer slide case on its way to the cylinder. The periods of 
admission, cut-off, and exhaust are r^ulated by two valves, one of 
vhidi woiks at the back of the other ; the first, or expansion valve, 
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fig a gridiron or plate valve, and tlie second being an ordinary 
£, widi die addition of two thoroughfare steam passages. In 
jct to make the diagram more clear the letter s is marked 

the spaces through wliich the steam passes on its way from 

slide case to the cylinder, and the letter e is marked on the 
laust passages. A series of arrows will serve to trace out the 
hway of the steam, by which we note it as entering the slide 
«, passing out through the exhaust, and descending to the 
r-pressure cylinder until it finally escapes into the condenser, 
e whole matter is at once apparent from the drawing. 

Passing on to the low-pressure cylinder, which is 83 inches in 
meter, and has also a stroke of 5 feet, we find that the section 
"c is the same as that of an ordinary double-acting condensing 
jine, and the only point to be noticed is the application of the 
uble-ported construction of valve, whereby the effective opea- 
; for steam is doubled for a given amount of travel over the 
Its. 

The main slides of each pair of high and low pressure cylinders 
( on one rod, and are worked by one pair of eccentrics with i. 
k motion. The cut-off slide at the back of the high-pressure 
ie is worked by an independent eccentric 

On the platform in the front elevation are three wheels, 
lereof the lower one is for reversing the engmes, and the upper, 

star wheel, is for altering the grades of expansion, while a 
lall wheel to be =een just over the head of the engineer is in 
nnection with the sieam regulator valve, which is here of the 
uble-beat type. 

The air-pump is single-acting, and we refer to fig. 117 for an 
ample of a single-acting air-pump with indiarubber valves. As 

valves of this construction, we may state that in the early 
js of the marine engine the valves connected with the air- 
anp were of brass ; but, when screw propeller engines were in- 
kduced into the navy, and the number of revolutions made per 
inute by the shafting was greatly increased, it became necessary 

provide valves which should be better adapted for rapid open- 
g and closing. Accordingly, canvas valves were trviid,'c»t %« 
Uy a short time, as it soon became apparent tWt \ri&3.t\Mc«s 1 
to valves were much more convenient for use. 




It should be undera) 
that there is a plunger p 
on the side of the pipe m 
A, and that the action of 4 
pump is to suck water 1 
through the opening at 1 
The lower valve E is thereffM 
an ordinary suction valve, whSI 
the upper valve k 
valve. Looking at the v 
E, there is : r, a grating, a 
in pLin separately at the t( 
the drawing, and marked] 
s, an indiarubber circular ffl 
slio\vn tinted in theskctd 
a guard a, being : 
shield, wliich prevents iheM 

rising too high i 
forced up by the ascent of d 
water. In the Allen engii 
which make 200 strokes pi 
minute, the indiarubber v: 
by means of springs fitti 

o the delivery valve marked k, which if 
The opening for the suction is shffffl j 

marked M. Also H is an air-vessel foi ■ 
of water, being a contrivance | 



are rendered more quick 

at the back. There is a!: 

the exact counterpart of 1 

separately in plan, and is 

sending forward a 

gejierally adopted in a force-pump. 

In the present engine the air-pumps are worked from a beam 
connected to the piston cross-head (see fig. 127), the feed and 
bilge pumps being worked from the air-pump cross-head, whidi 
is provided with ^ide blocks. 

The drawings also show, in front and side elevation, 
cylindrical vessel which is the surface-condenser, anH of which 
detailed account must be pven, as it is an apparatus whidl 
essential to economy in fuel with marine engines, 
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According to the old system the boilers of marine engines were 
iplied with salt water, tliat is, water containing solid matter in 
Wution, the result being, that as the water evaporated a deposit 
^k place and formed a hard non-conducting coating upon the 
rtal of the boiler. Two evils happened, viz., (i) the passage of 
at JTilo the water was retarded, and {2) the fiame concentrated 
effect more than it would othem-ise have done on the material 
the boiler. 

The remedy consisted in ' blowing out,' as it was termed, or 
allowing the steam to force out a quantity of water from the 
Diler at intervals, supplying its place by fresh water from the hot 
ell at a much lower temperature ; or other^vise a system of pumpa 
IS employed for removing the so-called biine continuously. In 
her case there was a direct loss of heat. 

The older standard works on the steam engine are full of 
Bctical directions as to blowing out. Thus, in Mr. Main's 
latise it is stated that ' blowing out should be strictly attended 
while under steam at sea, in order to keep the boiler free from 
It and incrustation ; tlie common practipe being to displace five 
six inches of water every hour,' and so on. Directions are then 
iven as to the method of ascertaining the degree of saturation, 
Bm which it appears that ordinary sea-water contains about -^ 
~ its weight of salt and earthy matter, and may by evaporation 
Ecome charged with as much as ^ parts of salt, after which it is 
lid to be saturated and can hold no more salt in solution. 

There are two instruments for ascertaining the degree of salt- 
Ess of the water in a boiler, viz., (1) a thermometer, which gives 
le temperature at which such water will boil in the open air, and 
1) an hydrometer, which indicates the higher specific gravity of 
ater when holding a largeramountof salt in solution. Thus, water 
ails at 213-2° F., when containing ^ of saline matter, but its 
ailing temperature is raised to 226° F. with ^ parts of salt in 
ilution. As to the reading of the hydrometer, a special instru- 
ent is provided, with graduations of ^'3, ^, &c., on its stem, the 
observation beingraade when thewater under trial has been cooled 
Idwh to 200° F. 

: is stated that the proportion of aoUd matiet sVio\iii, ■»eN«. 
'each jj of the water, as incrustation commences sciwie«\vtxfe 
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about tliat point. This state of things corresponds to a reading ot 
2i6° F. on the thermometer. 

As to the loss of lieat caused by blowing out it is easy to ex- 
press the same in a formula, and Mr. Main gives the necessary 
calculation, whereby, for example, the heat thrown away for a salii- 
ration of ^ is to the whole heat given to the water as 6 to 100, 

Where brine-pumps are employed they sliould be so act- 
justed that the quantity of water wMch they draw off, togetherwith 
the quantity evaporated, shall be equal to that supplied by the 
feed-pumps. As to this, it appears that, in order to keep the 
saturation at ^, the evaporation, the quantity blown out, and the 
feed are as the numbers i, \, % respectively, 

SIJRKACE CONDENSERS. 

i56. For large ocean steamers the system above referred to 
has been given up, and in its place the method of surface con- 
densation has been adopted. The merit of introducing surface 
condensers is due to Mr. S. Hall, a well-known engineer, whose 
earliest patent on the subject was taken out in 1831 (No. 6,204^ 
Tredgold gives a detailed account of Hall's condenser as applied 
in the steamer ' Wilberforce,' and states that this vessel was fitted 
in 1838 with engines of 285 H.P., and that surface condensation 
was carried out by means of a series of copper tubes, as many as 
3,374 being placed vertic-illy in each condensing cistern. Each 
lube was \ inch in diameter and 8 feet long. 

The waste steam was condensed in the tubes, and returned is 
water to the boiler, to be re -evaporated, and to do its work over 
again. At the present time it is a common practice to pass 
water through the tubes and to allow the waste steam to fill the 
intermediate space, whereby the surface condenser only differs 
from an ordinary jet condenser in respect that the cold water does 
not come in actual contact with the steam, but is sent through ihe 
condensing vessel in a number of small streams, each of wliich ' 
separated from the steam by a metal sheathing. 

The air-pump is, therefore, the same in character as that used 
with a jet condenser, only it has less work to do. But nothing i( 
gained thereby, inasmuch as it is necessary to provide circulatii^ 
pumps for passing a supply of cold water through the tubes. 
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Notwithsianding Hall's effort to establish the new system we 
do not find that surface condensation was favoured by engineers. 
Thus, in 1841, the condenser tubes of the ' Wilberforce ' becanae 
BO much coated with mud from the Thames and Humber that they 
Mrere taken ouL and jet condensers were substituted. In 1859, 
however, the system was revived by the Peninsular and Oriental 
Company for the steamship ' Mooltan,' and was successful. At 
that time also the theory of heat was better understood, and soon 
the use of surface condensers for steamers of the highest class 
became more and more general. 

In the case of the ' Mooltan ' one condenser contained 1, 1 78 
seamless drawn copper tubes, each -f inch outside diameter, "05 
lOch thick, and 70 inches iu length ; the total condensing surface 
amounting to 4,200 sq. feet The indicated H.P. of the ' MooU 
was 1,731, which is about one-third the power of the com- 
id engines lately referred to. 

tubes were packed with a piece of linen tape pressed 
by a screwed gland, which formed a very good joint The 
ising water flowed upwards in a stream around the tubes, 
vertical, and the current was produced by a centrifugal 
with a disc of 36 inches in diameter, making about aoo 
'ons per minute. 
Bramwell, in his paper on ' Marine Engines,' describes a 
' r a marine engine of the horizontal construction in 
the tubes are of brass, | inch in diameter, with | inch spaces, 
divided into three tiers by horizontal partitions in the water 
ments at the ends ; whereby the current of water from the 
.ring pump is first of all forced through the lower tier, then 
through the middle tier, and escapes through the top tier 
IS. The exhaust steam from the engine enters tlie con- 
at the top and quits it at the bottom, as shown in fig. 130, 
whereby it comes last into contact with the coolest row of tubes. 
A table is appended to the paper giving particulars of the surface 
condenser in a number of compound marine engines, and among 
the list is one where the high-pressure cylinder is 46 inches in 
diameter, and the low-pressure 80 inches, length of stroke ^(jvwA^s, 
number of tubes 1,2^2. length of tubes 10 feet 10 \nc)ftfts, e.^'i.e.-raai 
tJjameter / incA, space between the tubes -3 5 mch, IQtaS. cotAe'wavt 
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surface 2,758 sq. ft., vacuum 28 inches. The circulating pumj)is 
single-acting, the barrel being 20 inches in diameter, with a strokt 
of 16 inches. These numbers refer to some engines by Join! 
Elder & Co., which were started in 1868. 

The condenser of Messrs. Maudslays' engine is shown in tlu 
■iketch. The tubes are of brass, and fill the large cylindrici) 




casing shown in longitudinal and transverse sections. They aK 
indicated in the right-hand figure, and fill the whole empty spict 
The water from the circulating pump enters below, and encotdi- 
ters a horizontal plate, which causes it to pass through half the 
number of tubes, as shown by the arrows, and then the wilff 
returns to the right hand through the upper series of tulies i»l 
escapes by the overflow. In the meantime the steam is eniering 
the space which surrounds the tubes and becomes condensed, onlj I 
to be carried away by live a\T-^iim."j and again supplied to ih<j 
toiler. Tiie circu\a\\ns centt'iSM??i. ■'fam'i \i, A^a^L-^ *rfiwj. in fie | 
XBj ; it is at the extreme t\s\v^ q^ '6vp a.taww%. 
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le actual working of the engine will be understood from tlie 
tor diagrams shown in tlie annexed sketch. The scale 
the amount of pressure in the original diagrams, wliich ere 
■educed in the proportion of 30 to 56. The excellence of 
icuum — yw., 28'5 inches — is especially to be noticed when 








in conjunction with the speed of the piston; for we are told 
le number of revolutions is 55 to 60 per minute. The con- 
ion of coal speaks for itself, the record of consumption for 
urs in an actual voyage being 96 tons, which is equivalent 

lbs. of coal per H.P. per hour. So much has already been 
in this subject that it is unnecessary to add anything further, 
e may at least point out that a powerful testimony to the 
of the theory of heat is afforded by the increased economy 
r resources as consequent upon a systematic endeavour to 

and put in practice the principles of that theory. It is 
sr stated that the speed of the vessel has been maintained 
statute miles per hour for periods of twenty-fo\ii \vci«a Bit ^ 
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CHAPTER Vni. 

MISCELLANEODS DETAILS. 

167. It has been shown that the number of f.trokes na 
aiinute by a single-acting engine is adjusted by the action 
cataract, but in a rotatory engine, such as may be siiitat 
driving machinery, the regulation is of necessity different, ai 
problem resolves itself into a question of conlrolUng the 1 
which a driving shaft performs its work. Referring to the 1 
a clock train, where the multiplication of velocity betwa 
driver and the last follower is considerable, it is well know 
the best regulation has been obtained by the combinatio: 
pendulum with an escapement. Such an arrangeraent in' 
however, a step-by-step movement, which is quite inapplica 
heavy mechanism. Nevertheless, Watt appears to have be 
pressed with the value of the pendulum as a regulator of n 
and he detennined to apply this apparatus to a steam-e 
although under a new aspect, and in a shape in which it hi 
previously been employed. For the complete regulation 
engine upon Watt's system two things are necessary : first, 
wheel or heavy rotating body possessing inertia; and, secoi 
conical pendulum. The fly-wheel constitutes the most imf 
and primary step towards the obtaining of uniform rotatory n 
It is a heavy wheel of cast-iron, with a massive rim, which be^ 
as it were, a storehouse into which energy may be poun 
equally during the passage of the piston from end to end 
cylinder, but from which it may be drawn out uniformly 
tiie operation of diwirv^ the machinery. The object of tl 
wheel is to equalise tYie acuoxv ol 'Cci£ Iw^ \sMiHaM.\jyl fin 
, piston to the crank pm, a'cii ^q co^fevt m^^ \to.q^ 
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narrow limits of variation. But ihe fly-wheel alone is not sufficical 
for the purpose, since it is not only necessary to obtain a general 
iinifomiity of motion under the varying pressure of steam in the 
cylinder, but some method of adjusting the supply of steam itself 
is also required, whereby more power may be exerted when the 
resistance outside the engine increases, and less when the con- 
trary happens. (Refer to ' Principles of Mechanics,' Ait. 40). 

THE REGULATION OF AN ENGINE. 

It is with this latter object in view that the pendulum 
governor was invented. That instrument consists of a pair of 
heavy balls suspended from arms centred at or ne;ir a vertical axis 
and caused to rotate by the engine. If the power of the steam be 
in excess the fly-wheel accelerates its motion, the balls fly out- 
wards and move the lever of a throttle valve, so as to diminish the 
supply of steara ; whereas, if the power of the steam be in defect 
the balls collapse and the throttle valve opens more widely. The 
apparatus is called a pendulum governor, because the time of a 
revolution is affected by the length of the axis of the cone formed 
during the rotation, in a manner analogous to that in which the 
time of oscillation of an ordinary pendulum is affected by the 
length of the pendulum rod. 

1G8. In order to comprehend the principle of the conical 
pendulum it is necessary to revert to the consideration of the law 
under which a body will move in a circle. This law was fully 
established by Newton, who proved that whenever a body de- 
scribes a circle with a uniform velocity it must be subject to the 
action of a constant force tending towards the centre of the circle. 
The analytical expression of the law is the following :— 

Let w be the weight of the body, 
V its velocity at any instant, 
r the radius of the circle in which it moves. 

Then force towards centre r= — ^ . 

169. This proposition being clearly laid down, it becomes! evi- 
dent that we can imitate in a body at rest the conditions ■«\i'±i 
obtain during circular motion by supplying a io^tt ti^'i\ ■ssA 
opposite to the force which sustains the ciicu.\as rcvoX\o"cv. 
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For example, drop a marble into a flat circular dish with u 
deep rim running round it. Set the dish in rotation about a 
through its centre and perpendicular to its plane, and the marble- 1 
will run to the side and press against the rim. The side will n 
upon the marble and supply the centre-seeking force necessary j 
for circular motion, according to Newton's statement 

If, therefore, we wished to imitate, when everything is at rest, I 
the action which is going on during the rotation, it would be I 
merely necessary to press the marble against the side of the vessel I 
with a force equal to that which before kept up ilie circular I 
motion. The result is that during actual rotation there is a fon 
tending towards tlie centre ; but when all is at rest the effect of 1 
rotation is imitated by supplying a force equal to the former and 1 
tending from the centre outwards. 

It follows as a consequence of this way of looking : 
subject that a problem in d3mamics may be treated as a simple ' 
question of equilibrium, where the forces twlance each other. 

To apply the method to the case of a conical pendulum it is 



only necessary to supply a force 



T acting outwards, and the 



parallelogram of forces is at once applicable. 

Let D represent a body of weight w, suspended at c by the 
string c d and describing a horizontal circle of radius d b with a 
uniform velocity v. 

Let c D = //, B D = r, c D = /, also let t be 
the tension of the string d c, and t the time of 
a revolution. Applying our principle, we shall 
suppose the body d to be at rest and to be 
acted on by three forces, viz., (1) its weight, 

(2) the tension t, and (3) the force acting 

from the centre outwards. 
w I Since d is at rest on this hypothesis, we have 

Fio, 132. 'J^''" " '"■''■'■- 

Also the moticn is uniform ; therefore 




' Tlte Pendulum Governor, 265 

Hence the time of a revolution varies directly as the square 
Ikot of c £ ^ that is, as the square root of the height of the cone 

h;ribed by the string supporting w. 
Cor. I. If we refer to an ordinary pendulum of length c 
fringing through a very small arc, the time /* of a vibration 
Brection is given by the equation 



1 



'\/| 



hence / = 



^^^K. 2. If » be tlie number of revolutions made per minute bf 
le weight D, we have / = — , 



TT V A 



CoR-3. LetZbe the length, in inches, of a pendulum oscillating 
joccin one second in London, then 



VI- 



y substitution we have n = 30 a 
„i/, = SSM_S. 



V^ 



I Ex. If A = 18 inches, « = 44, and it 13 easy to form a table 

rth corresponding values of h and «. 
Cor. 4. It is a well-known experimental fact that if the velocity 
bf rotation be increased the cone will flatten out, the weight w 
rising more nearly to a level with c In order to deduce this 
Ksult from the formula let lu be the angular velocity of the line 
b D round the centre, b, whence v=^uir. 

But /( = / cos D c B = / cos 9 suppose 

.•. lu* / cos e = g, and cos (J = -S—, 

If u be increased, cos 8 is diminished, and 9 S \tvcttas«&, 
Lrherebj t> moves up into a higher position. 
z^o. There Is another observed result wbiclrv >nV\\ carrj \is o^' 



1 



d 
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the investigation, viz., that if a cylindrical vessel partly filled J 
water be whirled round a vertical axis coinciding with the a 
the vessel, and at a uniform velocity, the water will be hoUoin 
out into the form of a cup, the particular surface exhibited beil^ 
that known as a paraboloid of revolution. 

In other words, if A be the vertex of the cup, c a being the 1 



any section of the 
pkr 



axis of rotation, any section of the surface, such as da, made by b 
igh the axis, is a parabola. 
jVe/f.— The curve called a parabola , 
is frequently met with in studying me- 
chanics; it is, ver>' approximately, thepatb I 
describedbyaballwhen thrown obliquely J 
into the air, and may be the curve formed I 
by the section of a right cone as made by | 
a plane parallel to a generating line,oi 
slant side, as it is commonly called 

By reason of ihe mobility of the 
particles of water it is a property of lliB 
;th other liquids, that the pressure at aB 
points of a surface formed upon it when at rest is the same, 
were not so the particles would move along the surface. But the 
water in the vessel is permanently rotating with a uniform velocity, 
and is, therefore, in an artificial state of equilibrium. Hence » 
particle at d will remain at rest just as much as a particle at rf. j 
Draw DC, dc perpendicular to the surface of the water at the I 
points D and d respectively. Then d and d move with the same I 
angular velocity round the axis ca. Let this angular velocity be 
w, and we have ' 



Fig 133 
substance, m common 



=g,'^ 



X, whence c e 



01 ir 

hi 



It is a property of a parabola that the subnormal is constant, 
id the term ' subnormal ' is merely a technical name for the line 
B, being the part of the axis intercepted bet«-een any two lines, 
such as D c, D B, whereof D c is perpendicular to the curve and D B is 
perpendicular to the axis a c. As soon as we knew that the section 
of the fluid cup was a parabola it became possible to predict thai 
.property of the curve which is now referred to. 

The investigation of the property of a parabolic curve » 
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ipplied b3 a conical pendulum will have prepared the student foi 
tmderstanding the so-called parabolic governor. It appears that 
m 1851 a governor was brought over from Vienna where the 
pendulum balls rode on guides having the foma of a parabola. 
This go\-emor had, as we m^ht anticipate, the fault of being too 
ten^tive. The balls rose to the highest point or fell to the lowest 
on the smallest variations of speed, and it became necessary to 
diminish this extreme sensitiveness by attaching to the sliding 
coDat of the governor an air cylinder or cataract, whereby in rising 
or {ailing the balls were made to suck in or force out air through a 
a small adjustable aperture in the top of the cylinder. 

172. It may now be convenient to refer to some working 
ntodels. deposited by Mr. Head in the Museum at South Kensing- 
ton, which are intended to illustrate (r) the common pendulum 
governor, (a) Watt's governor, and (3) an approximate parabolic 
governor ; and we should premise that in applying the conical 
pendulum to an engine the chief point to notice is that the 
number of revolutions made per minute depends upon the height 
of the cone, viz., cb, in fig. 134. 

I. The common method of con- 
stnicting the governor has been that 
shown in the sketch. The balls are 
suspended at the points e and h, a 
liiiie on either side of the central 
vertical spindle c b. Each arm, as 
H D, is connected by a link to a sliding 
block s T, As the rate of rotation 
increases the balls fly out, st rises, 
and in doing so actuates a lever 
which controls a steam valve and 
diminishes the supply of steam. 
The effect of placing e and H at a 

I little distance from the axis c b Is to 
cause the variation in the height of 
the cone to become greater for any 

given rise of the balls, and thereby t 

Thus the heights of the cone ii 




Fig. 134. 



i render the governor less 
n the two positions shown 



■re c B and cb respectively, the variation being equal to c ^ + b ^. 
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2. In the governor as made by Watt, of which there is an 
example at the Patent Museum, the variation in height of the cone 

was much reduced. The centre 
of suspension was set in the ver- 
tical axis, and a jointed parallulo- 
gram ce was attached to the sus- 
pending rods, the angles dcp, 
F c Q being rigid and invariable. 
It followed that as D moved up into 
the position d the vertex e would 
descend to e, and the variation in 
the height of the cone would be b^ 
which is certainly less than in the 
previous construction. The valve 
" lever was actuated from the pomt E, 
instead of from a, and on the whole 
t considerable rise and fall in the 
^"'' '35- point E was secured by an extremely 

small charge of height in the described cone. The governor was 
driven by a cord passing over a grooved pulley at h. It is stated 
that Watt's original governor would begin to rise at 36 revolu- 
tions, and would reach its maximum height at 38, corresponding 
to a variation of only 5^^ per cent in the speed of the engine. 

3. The approximate parabolic governor was designed by Mr, 
Head, and is shown in fig. 136. It will be seen that the points of 
suspension are on opposite sides of the central vertical line round 
which the balls rotate. The apparatus is, therefore, termed a 
' crossed arm ' governor, and the peculiarity consists in tliis, vii., 
that by properly adjusting the centres e and h to the lengths of 
the arms it can be provided that the arc d d, in which either ball 
moves, shall be approximately an arc of a parabola. 

The following construction may be taken for setting out the 
governor : — The balls, being on a level d b, and revolving in & 
cone whose altitude is c b, are required to make a certain number 
of revolutions per minute, as shown by the formula. Draw d t 
perpendicular to H // and bisect 6 t 'at a, then a will be the 
vertex of a parabola passing through d. The rise from ^ to b for a 
higher velocity is then assigned according to any proportion whfch 
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way be tboDght desirable ; and by a property of the curve we have 
DR-.di :: •/a B : -/ai. 

This deteimmes the point d, and other points in the curve 
oqr be assigned in lil:e manner ; after which it is only necessan- 
to select a ceDtre h which shall give 
a cncdbr arc pasdng approximately 
dmx^ the points so detennined. 

A comparison of the diree modes 
of coDstmction is given by the model, 
wliaciii the different governors are 
Tu im rt^ with the same driving 
■ liuJ and move at Qie same /ate. ' 
On settiDg diem in motion the first 
to Open oot fiilly is the crossed arm 
gOvemtR-, then follows that of Watt ; 
and the least senntive apparatus is ''"^'- '3*- 

die common governor. On reducing the speed the balls fall in 
Ac reverse order, viz., (r) flie common governor, (2) Watt's 
gDvemn', (3) the crossed arm governor. 

In practice the last apparatus would be too sensitive, and 
accndingly a spiral spring is placed upon the spindle, as indi- 
cated in the sketch, the object being to retard the balls during 
tboT ascent. The spring is under no compression when the balls 
are in their lowest position, but offers a slight and increasing 
lesistance as they rise ; and the governor is thus rendered a 
practical instrument, instead of being a mere mathematical ab- 
straction. For example, at the Newport rolling mills, Middles- 
borough, this governor has been applied to a large single cylinder 
bcwizonta! engine driving two plate-mills. The engine makes 
about 40 revolutions per minute; and when nothing is passing 
tiirough the roKs the balls remain in their highest petition, but 
when the plates are passing through the rolls the amis collapse, 
admit fiill steam, and rise again as soon as the w ork has been done. 

173. The weighted pendulum governor is a form frequently 
tised,andis shown in fig. rr?. It consists of two small pendu- 
lum balls, weighing from 2 lbs. to 3 lbs. each, and attached by 
Hnks pasang down«:3rds to a collar on the driving spindle, which 
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^rries a weight varying from 50 lbs. to 300 1 
size of the governor. The bal!s revolve at a high speed, 1 
from 200 to 3Q0 revolutions per minute. Suppose that the I 
carrying the balls are equal in length to the links conoectedf 
the suspended weight w, then it is clear that for any s 
ptacament the vertical rise of w is twice that of either bal 

Let V be the sum of the weights of the two balls, and let^ 
be a small increase of velocity ; then the centrifugal force H 
same as in an ordinayy governor, but the weight raised is d 
for when P rises through a small vertical space w is raised, tf 
arrangement of linkwork, through twice that space. It f(4 
that the height of the cone is to that of an ordinary pendulurf 
p + 2 w : p, and that the sensitiveness is increased in the pro] 
Hon of p to p + 2 w. 
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174. If the governor of an engine were absolutely | 
would regulate the velocity of the machine to one uniform, il 

viating speed, and would not suffer any departure from that Q 

nite rate of motion. Such a governor would adjust the snp;^^ 
of steam exactly to the demands made upon it, and would it 
effect cause the machinery to move at one constant rate. 

Thegovemorby Watt makes no pretension to realise this ideil 
perfection, and does nothing more than vwderate the inequaii- || 
ties to which a steam engine is hable under varying conditions of 
load. So far from being perfect it is subject to two principal 
defects, which are well known to exist, but which do not detract \ 
from its general utility as the most effective of any simple apparatus y 
for regulating the speed of an engine which has yet been devised 
1. Watt's governor cannot prevent a permanent change in the 
speed of the engine when a permanent change is made in the 
load ; that is evident; for suppose that the load were diminished, 
and that the speed were required to remain constant^ such it , 
result could only he obtained by reducing the supply cf steam, 
whereas the governor faib to reduce the supply unless the balls J 
open out more widely, or unless a correspondingly higher lat^H 
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In order to retain one uniform speed two things appear to be 
necessary, viz., first, that the pendulmn constituting the governor 
should be driven by a constant force, in which case its rate of motion 
could be prescribed definitely beforehand, and would remain in- 
variable j and, secondly, the engine should be compelled to adapt 
its own motion to that of the invariable pendulum by some 
mechanical contrivance which should forbid any deviation. 

Mr. Siemens has endeavoured to carry out the conception 
stated above : he drives the pendulum by a raised weight, and 
pours into it a little excess of maintaining power, which excess is 
absorbed by friction. The pendulum, therefore, revolves at a 
constant speed, and the apparatus for tying down the engine to 
the rate of the pendulum is a differential train of wheels, which 
will be described immediately. 

2. The second defect is that the governor does not begin to 
act until a sensible change has occured in the speed of the engine ; 
for the balls do not open out more widely until after the velocity 
has mcreased, nor can they rise until an additional store of energy 
sufficient to overcome the firiction or inertia of the moving parts 
has been accmnulated. 

Mr. Siemens' invention is directed also against this second 
defect, for by the operation of the differential motion it results that 
the whole energy stored up in the revolving balls is ready to act 
upon the steam-valve at the first instant that the engine attempts to 
deviate from the pendulum ; whereas in the ordinary governor the 
additional energy stored up in the balls by increased velocity of 
rotation is the power available to control the valve. One action 
IS slow and comparatively feeble, the other is instantaneous, and 
cannot be resisted. 

The annexed sketch shows an elevation of Siemens' governor 

partly in section, together with a plan of the levers between 

the train of wheels and the raised weight The differential motion 

is made up of the mitre wheels a, b, b, and <:, whereof a is keyed 

to the vertical spindle, and is driven by the engine, while c rides 

loose upon the same spindle, and is connected directly with a 

heavy conical pendulum enclosed in a casing d^ d. b, b are two 

separate wheels, carried on a holiow spindle, through which the 

driving spindle passes, and in gear with both a. zsA c» Tk^ <3a£« 
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ferential motion is made up of the three wheels a, 
fourth wheel being merely put in to equalise the driving 
on the two sides of the vertical spindle ; and it is well ' 
where three equal bevel wheels, as a, b, f, are in gear thei 
of A and c are equal and in opposite directions. Alfl( 
as die velocities of a and c remain equal and opposB 
rotate on its axis but will not shift its position ; whereas 
smallest difference between the motions of a and c the v 
must b^n to run round them, and it is only by so miming 
that a difference in the velocities of a and c becomes possil 
It further remains to connect the weight w and till 
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valve witli tiie differential train of wheels. This ii 
attaching w to the end of one ann of a bell crank le 
fiilcrum is at/, the other arm moving in a different vertn 
and being connected by a link e to a short projecting 
acts as a handle to shift the wheels b, b round a ot c. T% 

I the valve spindle passes also througli/, whereby, on 

I bell-crank lever, a throttle valve is more or less opened 

\ supply of steam is regulated. 

I A model of this governor is deposited in the Museufl 

Patent Office. The wheel a is driven by liand, and on examii 
apparams it becomes easy to comprehend the action of the 
w. First, move the handle suddenly, when a runs rom 
the inertia of the pcTidu\\im "jievftwa c fco-ciT 
consequence is that w \5 "'iei'^ei ■vi's-aKfts.. 'S.'ms^' 
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lowly, when all the wheels rotate on their respective axes, but W 
remains at rest On gradually increasing the velocity we find that 
tiiere is one particular speed at which w is just raised, and tliat it 
(an be mamtained in higher and higher positions by further accele- 
aating the motion until it reaches a stop which defines the limit at 
Utich the governor ceases to act. As to the pendulum, that is, 
, fact, a small fly-wheel divided into segments, and carrying a 
irt of friction brake, which is pressed outwards against the 
teising by springs. So long as w is raised it tends to accelerate 
e motion of c, and, according to the phraseology of mechanics, 
is the driver of e, and we have here an example of a conical 
pendulum driven by a raised weight, and therefore moving at a 
constant velocity. Also it follows that the engine must accommo- 
date itself to the speed of the governor, for otherwise b would run 
round and the throttle valve would be acted upon. It is furthei 
evident that the whole energy accumulated in the pendulum 
.would be thrown upon the valve if the velocity of a varied from 
•ftatofc. 

In the year 1866 Mr. Siemens brought to the notice of the 
Institution of Mechanical Engineers a new form of this governor, 
in which the conical pendulum was replaced by a cup of parabolic 
shape, open at both ends and dipping into water. In the modi- 
fied apparatus the cup rotates about a vertical axis, and as it 
■revolves the water rises in a parabolic surface and may flow over 
rim. At a sufficient velocity a continual stream of water is 
raised, which is projected over the edge, caught upon fixed 
vanes, and deflected back against other vanes attached to the 
outside of the cup and rotating with it Work is, therefore, 
continually done and a resistance is opposed whereby the velocity 
of rotation of the cup remains practically constant As before. 
the cup is driven by a raised weight, and the only difference con- 
in the substitution of the liquid and the rotating cup for thf 
ordinary conical pendulum. 

DONKEY EKUINE. 

75. The greater number of the diagrams on \ke iVtiMa. kks^*;. 

(rhich have been published by Messrs CVia'^TtvaE. Sj. 'ft'aSi. \ism* 

leen reproduced in this hook, and we purpose now w &e.^c&>c. *«■ 
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arrangement of a small pumping engine, which has been pholft- 
graphed on wood from the large diagram. 

The method here adopted of placing the pump in a line wiib 
the steam cylinder is in common use, and if the engine were of 
larger dimensions and placed horizontally it would represent IJK 
type of engine employed for forcing water into a full-sized ic- 
cumulator. The upper part of the drawing requires no spedal 
explanation ; the throttle valve, the slide valve, the fwrts, and tin 
exhaust passage are sufficiently indicated, but there is a peculiarity 
in the mode of actuating the slide and of obtaining the rotation of 
llie fly-wheel which should be made clear. 

Supposing the fly-wheel to rotate upon the axis f l it is appa- 
rent that the end a of the crank d a will describe a. small ciicfc 
round the central point of the extremity l, and that the slide swill 
be driven by the motion of a in a circle, just as if an ordinwj 
eccentric had been constructed. ' 

The rotation of the crank i, h is obtained by a movemem 
which can hardly be recommended as being good of its kind, ami 
which is the converse of the raotion shown in fig. 37. Instead ^ 
the pin causing the slit bar to reciprocate, we have the reciproca- ' 
tion of the bar r s causing the rotation of the crank i. h. Tiii 
example is interesting as showing one of the devices used by 
mechanics in the conversion of motion, as well as the utilily of » 
fly-wheel for carrying the crank over the dead points. 

As to the pump, it is unnecessary to say more than that tlw 
action is that of a common force-pump, with a suction valve ai ■ 
and a delivery valve at vi. 

uiffard's injector. 

1 76. The invention of the injector for supplying feed-vaia W 
the boiler of an engine is principally remarkable as presentine n 
illustration of the direct conversion of heat into work. T 
describing the apparatus it will be necessary to explain the 
ing of the term 'induced current' 

Looking back l:\\sVotlc3.U'j it appears that in 1719 Hawkdm 
the inventor oE a dowHe c'^Xm&ss a!s.--^«ovij,*«TOiL'i. ^Jsat whenl 
cturent of air was senr.v\ao\i&\vB.s«aS^Ws.—«M«Kt.^\^. 
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it one side near thi; top and escaping by a corresponding opeiiinj 
at the opposite side — the effect was to rarefy the air withb the boi 
rather than to compress it It is an old experiment to suck n^i 
and drive a jet of spray out of a botde by blowing througli i 
horiiontal tube with a contracted nozzle whose end is placed jus 
over a vertical tube dipping into water contained in tlie bottle. 
The current of air passing over the open mouth of the vemo) 
lube carries away some of the air from inside llie tube, wherebj 
ihe water rises to the top and is dispersed in a jet of spray. 

According to theorerical definitions the particles of gases 
repel one anotlier and have no coherent action among themselves. 
In practice this is not the case ; and if a definite current of air bt 
set up in a mass of air at rest, as when a jet escapes from the 
mouth of a tube, the air in motion will drag a number of die 
quiescent particles with it and will extend considerably the di- 
mensions of the original current. It will, in technical langnagc, 
induce a current also in the surrounding air. 

The application of an induced current, wlh which we are mnf 
concerned, is exliibited in the annexed sketch. The globular ves- 
sel represents a boiler in which high-pressure steam is generated. 
and from which it escapes at an orilice E. The steam is discharged 
just inside a conical casing or nozzle, the object of which is » 
provide a means for setting up an induced current of air which 
will speedily exhaust the tube. The water, forced up by aimo- 
spheric pressure to supply the loss of air, will, therefore, issue froni 
E, and we shall have made the first step towards the constructioii 
of an injector, viz., the discharge through e of a mixed jet of steam 
and water {see fig. 139). 

In fig. 140, which shows a Giftard's injector as constiucteiH^ 
Messrs Sharp, Stewart & Co., there is a pipe marked 'steam,' 
which terminates in a vertical conical nozzle, having within it» 
solid rod or needle capable of contracting in any degree llie 
amount of the issuing Jet. On the opposite side of the apparatui 
is a pipe marked ' water,' wliidi corresponds to a e in the elfr 
mentary diagram, and by turning tiie wheel marked 'water rego- 
iator ' tlie tinted s\\d\n^ ta\ie ia brought up or down, so as I> 
regulate the supply oi wate v;'\'ttOn.'\'a su.eui4.\£^ \i^ -*«. indiidic| 
Action of the steam. tVwe Ss VM«;.'i-v>^t'i-«^.'i?t^^,sA-,* 
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Status abeady described, together with mechanical means for 
■egulating (i) the supply of steam and (2) the supply of water. 

r the bottom of the injector is a valve opening downwards 
md leading to the flanged end, marked ' delivery,' which i 
t communication with the boiler. The valve in question ii 





Nhown open in the drawing, but it is closed by the pressure 
firithin the boiler when the injector is not at work 

Recurring to the elementary diagram, which is intended to 

iJiow the action in its most simple form, we may point out that 

, Giffard discovered that a mixed jet of steam and water issuing 

under the circumstances above stated is competent to 

loveipower and drive back a simple jet of water issuing from the 

tpening D, and that a supply of feed-water maybe forced back 

I boiler hyihe steam generated therein, wvOcvo'dX. 'Civt V^^^^- 

a of any pumping apparatus whatevei. 
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Since acrion and reaction are equal and opposite it is 
dantly clear that a simple jet of high-pressure steam issuing 
could never drive back a jet of water issuing from d und< 
same pressure. It was a great step in science to conceive the u 
that the absorption of heat which took place at k could fumi^ 
a source of energy directly available for doing work. There ' 
been no parallel to this discovery in any analogous direction, and 
it is difficult to account for the action. 

On the steam side there is tlie kinetic motion of the moleciilcE 
of steam, and on the water side there is the motion of inmslatioti 
of a quantity of water, and the problem is to show a possible 
method of passing from the one to the other. Now, the steam 
issuing at e has a velocity many times greater than that of the 
water forced out at d. The instant that steam is liberated and 
escapes, the kinetic motion of its particles appears under a new 
form, viz., as a motion of translation, and the velocity of an issuing 
jetof steam is many times greater than that of a jet of water forced 
out by the same pressure. If, therefore, the jet of steam could be 
condensed by an indefinite source of cold after it had fairly got 
clear of the orifice it would be converted into a fine liquid lint, 
and the velocity with which its molecules were rushing out would ; 
not be changed. The motion of heat would be diminished, but 
the onward motion would remain unimpaired. This liquid lint 
would be moving at such a high velocity that it would pierce m< 
jet of water coming towards it from the boiler, very much as if il 
were a steel wire forcing its way through the mass. We knowrf 
no source of cold competent to produce this result, but ^rfat 
really happens is the same in character though less in degree. The 
steam, liquefied at e, retains to some extent the higher velodty 
which it possessed as steam, and on the whole the aggregate 
energy of the water globules flowing onward at E is greater than 
that of the water jet coming towards them from d. The latter 
jet is overpowered and driven back, and a quantity of water fioffl 
the cistern at a is continually forced into the boiler. 

the velocities with which we have to deal, it appean 
that if the steam had an actual pressure of six atmospheres W 
water would issue at a velodty of about lor feet per second, and 
ihe steam at a velocity of about i,8oo feet per second. 
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dwelling on this subject inere is an experiment, easy of 
nance, which exhibits the effect of fluid pressure in forcing 
et of liquid, and which recalls the cer- 
that without the direct agency of heat, 
jector would be powerless. The appa- 
consists of a brass tube, say 4 feet long 
[ a glass beaker at the top. There is a 
>ck at the base of the tube, and directly 
ite to it is a small open nozzle of the 
3ore as the stopcock which leads into the 
if a glass tube about an inch in diameter, 
/ater in a is maijitained at a constant 
, and it is found tiiat the water rises in the 
ube until it reaches a level b, which ap- 
les closely to the level of the water in a. 
ifference depends on the loss of energy ' 
:tion and also upon iraperfections of the Fio. 141, 

ituB and the difiiculty of adjusting the openings for the 
so as to cause the stream which comes from a to corres- 
with that coming from b, 

jferring again to fig. 140, it will be seen that a pipe marked 
low ' leads out from the centre of the instrument ; this pipe 
.unicatcs with a small chamber in the central channel just 
the level of the pinion, and is intended to allow the escape 
f surplus water. When the supply of steam is properly ad- 
. to the amount of water sucked into the instrument no over- 
akes place, whereas an excess of water or steam will at once 
ise to a discharge at the overflow. In the one case the 
'i imparted to the water is insufficient and part recoils, while 
other case too great a condensation of steam will occur and 
jr will be dissipated. It is, however, easy to adjust the steam 
•ater regulators so as lo avoid any waste, 
iie rise in temperature of the feed-water shows the amount 
M^ available for doing work, and it is found that the quan- 
" water delivered into the boiler increases as the feed-water 
is supplied in a colder state. Thus, in one case, the temije'ca.- 
f the feed-water before entering the in'iectcit -vaa tjia" , "^ 
uid (Ae number of gallons of watei deVweiti-^^VoOT 
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97*, 786, 486 respectively. Tt is a confinnation of the oipli 
nation that steam at a given pressure will force water into 
boiler against a still higher pressure. Thus, steam at 27 lbs. pre 
sure forced water into a boiler where the steam was at 52 lb 
pressure, the temperature of tlie feed-water being raised from 91 
to 170° diuing the operation. 
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■ 177. When the piston is near the middle of its stiokcl 
direct-acting engine the slide-valve will have moved over tl 
steam ports in the manner pointed out in fig, 14s. 

The lai^e and small circles represent respectively the pall 
traced out by the centre of the crank pin and the centre of tl: 
eccentric which works the valve; and inasmuch as the slide woul 
not be seen in a sectional drawing it is repeated in a supplemenO 
diagram, where its position in relation to the steam ports is % 
cated. The method of reversal is the following :- 




In the upper diagram the piston is moving to the tight "Bi 
the valve to the left, the piston having advanced so far in its stnli 
that the valve is letumm^ lo ciA oS. fe*; aKicim, \-cv <arfsi, di« 
fore, tochangethemotioii\t\5-n«.^e,%^a^ ^■'^&i^^^ " 
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idmitting steam on tlie opposite side and by letting out that 
ion of the steam which is urging it fonvard. Hence the valve 
t be moved into the position shown in the lower diagram, 
ch is equivalent to shiftmg the centre of the eccentric from the 
ition marked a to that marked b. The piston will then return 
fore it has reached the end of the cyhnder, or in other words 
motion of the engine will have been reversed. 
It wiE be seen that the imaginary crank which works the 
le is inclined at an angle somewhat greater than 90" to the 
mk which is connected with the piston, as must be the case 
lere lap and lead are given to the valve. Further, it is appa- 
lE that the crank of the slide rod is in advance of, or leads, 
: larger crank in its journey round. 

The explanation shows that in reversing an engine we must 

ther shift the centre of the eccentric from the position a to the 

laition b, or else we must employ two eccentrics and provide 

ae means of connecting each in turn with the slide-valve. 

The method of reversal by shifting the eccentric from the 

oaition a into the position b was at one time largely employed 

marine engines, but it has gradually given place to the reversal 

9. link motion. That apparatus for reversing an engine has 

pwn with the locomotive engine, and is so convenient and rapid 

its action that no other can compare with it. 

The link motion appears imder three forms : there is (i) the 

ifting link, having its concave side towards the axle or crank 

aft ; (a) the stationary link, where the curvature is in the opposite 

iKtion ; (3) the straight link, which is derived from a com- 

lation of the two former contrivances. 

I. In the shifting link motion tivo eccentrics are keyed upon 

shaft in the positions which we have agreed to call a and b ; 

te link is an open slotted circular piece, stmck with a radius 

lual to the effective length of each eccentric rod, and having, as 

'fore stated, its concavity turned towards the axle or shaft of the 

igine. The slide rod is connected with a block which moves in 

e slotted link, whereby the end of the rod is actuated by either 

' the eccentrics at will. This construction was adopted aX m\ 

IHy period, and is known as 'Stephenson's imV.TtiU'a.o^' 

The stationary link., ■'f/^ch. is that shown in. X\c&ra.-wS^"j„'«" 
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nvented by Mr. Gooch, of the Great Western Railway. It will 
3e seen that the link r s is here suspended by an arm 3 c, so as to 
[)e stationary so far as any up-and-down movement is concerned, 
md that it is circular in form, being struck by a radius equal to 
D R, whereby also its concavity lies towards the cylinder and 
away from the axle or shaft of the engine. In the sketch the for- 
ward eccentric is in operation, and the motion is readily traced 
from the axle to the slide, which is shown as having partly un- 
covered the steam port marked a. On pulling the rod h which is 
in connection with the starting lever, or its equivalent, the bell 
crank k ^ l is moved, and the jointed rod d r is brought down by 
tlie pull of L M into a lower position, whereby it imparts to the 
slide the motion due to the back eccentric, and the engine is 
consequently reversed. 

3. A third method is Allan's straight link motion, in which 
the link and the valve rod are both shifted in opposite directions 
at the same time. Wlien the link is shifted it must of necessity 
be curved towards the eccentric rods, and when the slide rod is 
jointed as at d and shifted up or down the curvature of the link 
must be towards the slide, from which it follows that if both the 
link and the slide rod shift in a vertical plane the concavity and 
convexity may neutralise each other and a straight link may serve 
to give the motion. Link motions prove to be rather complicated 
pieces of mechanism when any attempt is made to analyse them 
thoroughly, and therefore it may suffice to say that with a stationary 
link the lead of the slide is maintained constant under all changes 
in the position of the sliding block, whereas with the shifting link 
the lead increases a little towards the central position. 

One advantage of the contrivance consists in the power which 
it gives to the engineer of regulating the supply of steam admitted 
into the cylinder. By moving the starting lever or its equivalent 
into intermediate positions the amount of travel of the valve is 
reduced at pleasure, for it is evident that no steam can enter the 
cylinder when the lever is half-way between its extreme positions, 
and that varymg amounts of opening of the steam ports, increasing 
to the maximum value, \>'ill occur when the lever is pushed over by 
successive steps. 

We pass on to describe other arrangements of TeNei%vc\^ ^^^\ 
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which are now of considerable practical value, and shall confine 
ihe inquiry to certain principal forms, commencing mth thai 
patented byy. \V. Hackwortk, a.d. 1859, No. 2,448. 



Ol'HER REVERSING VALVE GEAR. 
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178. It will be remembered that in working a slide valve by 1 
simple eccentric, the motion is equivalent to that of a crank cp 
and connecting-rod pq, the end p being carried round in a ciide 
while the slide s reciprocates in a straight line. 



i 



It is clear that a sufficient motion of the valve might be ob- 
tained if the point p were constrained to move in an inclined oval 
curve as shown in the diagram, the longer axis of the oval, vii. p/, 
making an angle with the line c q. 

This idea has been at the foundation of the class of invention! 
now to be considered, for it will be seen that there are many ways 
of getting such an oval, each of which has its advocates and Is 
well worthy of consideration. 

179. It is an elementary fact in geometry that, in the ordi- 
nary combination of a crank and connecting rod, as used in a 
direct-acting engine, any point in the connecting rod p q will, as 
the crank revolves, describe an oval curve in the plane CFQ. 
This curve resembles a section of an egg, being rather mort 

I pointed at one end than the other, and is approximately U 

I eiiijise. 

k In fig. (l) ot tVie antisxei tt\3.©a.^Yv,'Cn.^ e.^A'^T:&%»tt:istfcumiii| 

fcrod p Q is consWEuned to move aio^ ** Xna ».-&, V3VK^s*ffc*^ 
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dnd a point r in the connecting rod, selected at pleasure, will de- 
scribe an oval as shown by the dotted curve. 

Taking the position of the connecting rod p q when p c Q is a 
right angle, it appears that if a B be turned about the point q so 
as to take the position 1. m, or n t, the point q will, as c p revolves, 
move up and down the lines lm or nt, as the case may be, and 
the point R will describe an inclined oval curve such as that which 
we are seeking to obtain. It appears also that the direction of the 
longer axis of the ova depends on the direction of Che guiding 
slot in which the point q moves. 

It only remains to connect one end of the valve rod with the 
point describing an oval, taking care that the other end moves in 




a straight hne perpendicular 
niently arranged valve moiioi 
the direction of the guide 



to CQ, and we shall have a conve-" 
which can be reversed by changing 
n figs, (a) and {3}. 
:8o. Having premised these introductory observations, we 
turn to Hackworth's specification, which states that on the main 
shaft of the engine and side by side with the driving crank there 
is placed an eccentric pulley, the extreme ihiow ot "sVi^civvii fc^'^'i'^ 
opposite the extreme thww of the driving ctatiV., ■w\\\\ii "fea ■Cot.c'^ 
of the eccentric must exceed the traverse oi ft\e \a\s"«^ 
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The annexed lecture diagram is taken substantially from that 
n the specification, c p being the crank which is the equivalent of 
he eccentric pulley, V Q the eccentric rod, the end Q being con- 
■trained to move in the vertical line c q, and the steam cylinder 
»eing horizontal. 

C B is the crank of the engine, terminating in the crank pin b, 
rblle B D is the connecting rod. The piston is now at one end of 
ts stroke, and it will be seen that ca and cp point in opposite 
lirections in a horizontal line. 

The valve, with its strap or spindle, is connected with a hori- 
ontal valve rod t k, jointed to the eccentric rod at the point B, 
jrhich is preferably chosen so that q r =^ q p, or nearly so. 

When the crank is on the dead centre, as in the diagram, the 
ralve is thrown back by a space on the opposite side of c q, 
rhich is equal to the lap plus the lead. 

In whatever position tlie bar a q may be held it is always 
^pable of oscillating about the end a, and it follows that if c p be 
jotated about C, the end q of the eccentric rod p q will describe 
t small arc of the circle whose centre is A and radius a q, which 
s practically the same as if Q were constrained to move in a 
Hraight slot pointing to c. 

In this state of things the port will not open any farther for 
tteam, but when c p and c b have each made half a revolution the 
falve will be moved back upon the other steam port by an amount 
•qual to the lap plus the lead, and neither port will open for 
fteam by a greater amount than that due to the lead of the valve. 

There are different contrivances for shifting the lever a Q, as 
to which it is easy to arrange a convenient mechanism, and we 
thall now suppose that a q is shifted into the position l q, being 
ttill free to oscillate about the end l, which is the new position 
i)f A. It follows that during each revolution of cp the point q will 
jjscillate in the dotted line Im, which is approximately a straight 
jine corresponding to l w in fig. 145, and as this line is inclined 
io CQ the point B will describe an oval whose longer axis is simi- 
larly inclined to c Q. 

In order to make this dear the lever AQ U ^.W^itvYCL^kweft. 
jositiojis in a separate diagram, and the coYiespon&ti^ o^'iSv'i^^ia'Ki 
ft6e point Q are indicated by the dotted ctTCviVax aica. 
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It is evident, frora what has been premised, that a 
IS obtained by setting a q in the position lq, and i: 
us to show that the engine will be reversed by placing the leM 
the position N Q, which is equivalent to causing the poia 
oscillate in the line n t instead of the line Im. 

Whether / m and a ? be actually straight lines, formed byJ 
in a block riding on a stud or pin, or whether they be approi^ 
straight hnes formed by small arcs of a circle, i 
gram, is only a question of construction. Both methods a. 
set out in the specification, and we shall therefore asstimc tl 
&nd n ^ are straight lines. 

The main diagram shows the piston at the end ofits stroke, and 
■he present diagram Is intended to show that the crank pin B has 




icKrit ^ttcJetPanZ 



moved from B to a' in tlie forward stroke, at which time the 
piston will be near its middle position, the valve being open for 
steam and the piston moving to the right 

Conceive now that the line Im, in which q moves, is shifteJ 
into the position n / by changing the position of the reversing te?ei 

frora L Q to N Q. 

The effect of doing this will be at once to carry the slide 10 
left hand, thereby opening the steam port on the opposite side 
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of the piston and reversing its motion. In truth the joint of the 
valve rod marked t in the main diagram will be shifted from ^ to e. 
Inasmuch as the valve is set back by an amount equal to the 
lap plus the lead when b c p is horizontal, and no motion is im- 
parted to the valve by shifting the lever a q into the positions l q 
or N Q, it is apparent that the lead remains constant for ever}' 
position of a q, whether in the direction marked fonvard or in 
that marked backward^ and hence, as stated by the inventor, the 
had never varies. This is a prominent advantage secured by the 
forms of valve gear now under consideration. 

181. In order to appreciate from a general point of view the 
value of an oval curve in working a slide valve, the student should 
refer back to Arts. 103 and 104, where the crank of the eccentric, 
marked op in figs. 78 and 79, is set back so as to make an 
obtuse angle h op with the line of centres, in order to allow for 
the lap and lead. It follows that when the main crank arrives at 
a dead point the slide valve will have completed the most rapid 
part of its motion (which occurs when h 0/ is a right angle), and 
hs velocity will have begun to diminish. 

But it is just at this moment that the steam port is opening 
for the entrance of steam into the cylinder, when it is an advantage 
to quicken the motion of the valve instead of retarding it 

It will be found, on applying the oval motion, that the point 
R, to which the valve rod is attached, is near the apex of the oval 
when steam is admitted, and that in passing round this apex the 
valve is shifted rapidly so as to complete the full opening for 
steam. It is one of the advantages claimed by the inventor that 
the valve opens quickly when the crank is passing a dead point, 
or when the engine is on the centre, as engineers express it 

It is fully explamed in the Elements of Mechanism that an oval 
curve is the result of combining in a regular manner two motions 
at right angles to one another, which are of proper amount and 
properly timed. It is further apparent that the point r is the 
recipient of two simultaneous movements at right angles to one 
another, the result of the combination being shown by the form of 
the oval. 

Taking one of these movements as occurring in c Q, and the 
other at right angles to c q, \t will be easy to trace ^^ ^^^cx q>V 
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each upon the valve and to find out when they tend to con 
or when to neutralise each other. 

In this manner the valve motion may be subjected to 
plete analysis. 

182. When the principle of a movement, such as tl: 
under discussion, is well understood there will be no diffi 
suggesting modifications of construction. 

I 




Fig. 148. 

For example, it is obvious that if the point r in fig. 145 
reside in p q produced, as in the annexed diagram, there w 
no material change in the character of the ovals traced oul 
point R. In fact, the principal difference consists in the p 
obtaining an enlarged curve without increasing the length 
crank. 

As before, let the point q in the connecting rod p q be 

in the straight slots marked a b, l m, and n t, when a po 

p Q produced will, as required, trace out the ovals a b, Im, 

In a patent of 1876, No. 4,246, Messrs. yi IV. and A 

worth described such a modification, and their specificatioi 

that by attaching lYve \a\N^ xo^ \.o iVve overhanging end 

eccentric rod there is 6bUme^xJs\^ ^^n',\xv\.'^'^^ <5Jv s^xss^a 

travel of the valve mth evxhex ^a^ ^m-^V^x ^^^^xiv^.^-^X^ 
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of inclination of the changeable path, which has been called / /// 
OT ntia the description given above. Indeed, Xh^ first claim of 
invention was obtaining * increased expansion of steam through 
connecting the valve to the extreme end of the connecting rod/ 
It was further claimed that there was an admission * of a more 
equal charge of steam at both ends of the cylinder at all grades of 
expansion.' 

It is further apparent that the virtual crank of the eccentric may 
coincide with the main crank instead of being opposed to it, 
regard being had to the necessary motion of the valve, and we refer 
to a diagram taken from the specification of a patent granted to 
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Fig. 149. 

iVLx. F. C Marshall^ the well-known engineer, in 1880, No. 4,185, 
.where such a construction is set forth. The student may also 

"rfefer to the specification of a patent granted in 1879, No. 2,138, 

«to F. C. Marshall^ on the same subject-mat^x. 

u 2 
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The sketch is taken from the specification No. 4"|i85, and 
shows the eccentric rod p Q r having the intermediate ijoint q 
attached to the reversing lever a q, whereby the point q moves in 
the small arc of a circle centred at a. . 

The direction of this arc being inclined to the line c Q, and 
(he valve rod being attached to a point R in CQ produced, it I 
follows that the end of the valve rod will describe a small inclined 
aval curve such as is set out in the diagram. 

The specification No. 2,138 states that the valve used with tiie , 
gear therein described ' is made dissimilar ended when connected 
direct to the eccentric rod, having, in the case of a valve with 
single exhaust opening, two steam openings at the end opposite 
the gear and one steam o[iening at that other end, and in the case 
of a valve with double exhaust oi>enings three or four openings ic 
steam on that end opposite to the gear, and two only at the other 
end.' This is a combination of an ordinary valve at one end and 
a gridiron valve at the other end. 

joy's VALVE GEAR, 

183. In Joy's valve gear, which has been adopted in some 
engines on the London and North-Western Railway and elsewhere 
and is a most valuable invention, there is no eccentric, but the 
oval curve is derived from a single combination of linkwork, the 
direction of the longer axis of the oval being varied by changing 
the direction of a slotted guide. 

The first patent was granted in 1879, No. 929, and there have 
been other subsequent [jatents. 

The nature of the invention will be apparent from the diagram, 
which shows its application in a locomotive engine, c being the 
centre of the crank shaft, and 11 the crank pin. 

The end Q of the connecting rod b q is constrained to move to 
the line C Q, while e e is a link jointed at h to the connecting rod, 
and attached at the end e to an arm or lever D e having a fixd 
centre of motion at n. Another link st is jointed at s to k^ and 
carries at the point n a small sliding block which travels up and 
tiovn in the curved slotted bXotV I m. 

The valve rod t v is jom^-ei ax ■t ^o =. -^wwt \tv ^t , wvft. «--v^ 



Valve Gear, 



293 



is further attached to the valve spindle. There is provision made 
for changing the direction of /»f when it is required to reverse the 
engine. 

The precise arrangement of the working parts will be explained 
in the next article, the present description being merely introduc- 
tory. 

The three principal ovals are marked out by dotted lines. 

There is first an oval described by the point R, then there is 
an oval described by the point s, which shows a peculiarity often 




Fig. 15a 

observed in the final curve on which we rely, viz. that one half is 
flatter than the other half. 

There is finally the curve described by t, which gives the re- 
quired valve motion. 

184. In order to set out Joy's valve gear we proceed according 
to the rules stated in a short pamphlet written by the inventon 
and to which the reader is referred for a more detailed account 

Let p Q c be the central line of the cylinder, c b the crank, b q 
the connecting rod, p q the piston rod, cbyCb' the positions of the 
crank, and b Cy b'e those of the connecting rod, when the piston is 
at half-stroke. 

Select a point on the connecting lod sue\v \5cvaX \\s n^^v::^ 
vibmtioD between the positions b e and Vt ^yjYi\c\v \s m-axY^^ c d o^ 
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the diagram) shall be about equal to c b, being preferably a little 
in excess of the length of the crank. 

Let R and z be the extreme pDsitions of the point so selected 
'when the crank is on the dead centres. Produce the vertical cd 
in both directions, and take a point e in ^^ produced such thai 
the angle r e z shall not b'j in excess of a right angle, being pre- 
ferably a little less. 

The link r e connects the points r and e as shown, and the 
link ED has a fixed centre of motion d at some convenient point 
in the framework of the engine. 

Taking the direction of the valve spindle line vt, which is 
horizontal on the diagram, mark off upon it a space z^ t on one 
side of the vertical line dc produced upwards, which is equal to 
the required lap plus lead. 

On R E measure R s=f cd^ and join t s cutting dcv in n. The 
point N will be the centre of oscillation of a curved link, which, by 
assuming different inclinations to dc z/, causes the reversal of the 
engine. 

As the crank goes round, and the connecting rod oscillates, 
the point n travels up and down the curved link already referred 
to in the last article, and t describes the oval curve for which we 
have been seeking. 

The curved link or slot in which the pin n travels to and fro 
IS indicated by dotted lines in the diagram which correspond to 
I in and n i in the Hackworth diagram. The curve of the hnk is 
a circular arc having t v as a radius. In the diagram the radius 
of the curve is marked by the line n o, which is equal and parallel 
to T v, and Mr. Joy states that the opening of the port beyond the 
amount given as lead is dependent on the amount of angular 
motion imparted to the curved link. Also that in this gear the 
* leads ' and * cuts off' for both ends of the cylinder and for back- 
ward and forward going will be practically equal, the opening of 
the ports being also as near as possible equal. 

VALVE DIAGRAMS. 

185. There is yet another matter coivn^cled V\\hxNt!NN^^^i^<^ 
should not be passed over, and that is lYie ^Ta"^\v\csiN. xasJ^^^ ^^ 
representing the motion of a valve, as \a\d Ao^xi \il Zeuner^-«V^ 
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has written an elaborate treatise on the subject We shall confine 
the inquiry to an elementary explanation of the so-called w&» 
diagram. 

When the slide valve of an engine is worked by an ordinary 
eccentric, the motion of the valve is that due to a crank and con- 
necting rod ; but in practice the length of the eccentric rod is so 
much greater than that of the crank that we may, as a first 
approximation, conceive that the eccentric rod remains parallel to 
itself during the motion. On this supposition the position of the 
valve during each instant of the stroke may be set out in a simple 
form of diagram, giving the so-called curve of position of the vakt. 

For example, let c be the centre of 
the circle ad be, described by p, the 
centre of an eccentric pulley. 

Draw the diameter acb, and let 
AB represent the whole travel of the 
valve. Draw pn perpendicular to ab; 
then as p goes round in the circle the 
position of n will indicate the position 
of the valve. 

On AC describe a circle cutting 
c p in R, and join r a. Then in the 
triangles c r a, c n p we have c p=cAi 
and angle c R a = angle c n p, each being a right angle ; also the 
angle r c n is common to both triangles, therefore c r=c n. 

Hence if c p represent the crank of the eccentric pulley, and 
the construction in the figure be completed, the curve arc wiB 
give the position of n relatively to p at any instant 

It follows that as p travels round the circumference of the 
circle a d b e the two small circles drawn upon a c, b c as do* 
meters are the curves of position of the slide valve. Thus when 
p comes to p' the line c r' represents the distance of the vahc 
from its central position, or more accurately the distance of tff 
point in the valve from the central position of the point in questifli 
If the obliquity of the eccentric rod be taken into accoaft 
' he curve of posiUon oi xVv^ n^n^ c^tv \i^ ^et out in the manntf 

following. 

Let c p be the ciaivVLoi \>^^ ^ee^Tv\.\\c^ ^wCi ^ '^ ^^ ^«s5«^^ 




Fig. 152. 
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lod at any instant With centre q and radius q p describe the 
circular arc p r, and with centre c and radius c r describe the 
circular arc r s, cutting c p in s. Then the curve of position of 
the valve will be ascertained by setting out a sufficient number of 
points, such as s. It is given roughly by the dotted lines in the 




Fig. 153. 

diagram, the small circles indicating, as before, the curve of posi- 
tion when the obliquity of the eccentric rod is- neglected. The 
student will note that the dotted curve lies inside one small circle 
and outside the other. There is also a peculiarity in the shape of 
the curve near the point c, which cannot be shown on the scale 
of the diagram. 

186. So much being premised, we pass on to consider the 
method of setting out in a single diagram the movement of the 
valve corresponding to any given position of the main crank of 
the engine. 

Taking the case of a direct-acting engine, let x x' represent 
the centre line of the cylinder, and let boa be the travel of the 
valve, the small circles being the curves of position as found in 
Art. 185. 

Disregard the lead of the valve, and let c e be the direction of 
the crank of the eccentric, when c b x is that of the main crank. 
Then c R is the movement of the valve from its central position, 
and is therefore equal to the lap of the valve. 

With centre c and radius c r describe the circular arc R q s ; 
then c R E is the direction of the crank of the eccentric at adjnis^ 
ston^ and c s ^ is the same at cut-off. Also, if any line c q ? be 
drawn from c it will represent the whole movement of the valve 
from its middle position, when the crank oi the eceexv\.x\c Xs^'e^^ 
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the direction cp, and since CQ is equal to the lap of the v 
follows that Q p is the opening of the steam port for the adt 
of steam. 

In lilc^ manner, while the crank of the eccentric moves t 
i^LD we can set out the points of release and compression, 
let cr be the inside lap of the valve; then the circular arc t 
responds to r q, and just as P Q shows the opening for stean 
shows the opening for exhaust, the lines ci^ c/ indicating tbi 




Fig. IS4. 

tions of the eccentric at the periods of release and conift 
respectively. 

As yet nothing has been said about the lead, the obj«ti 
to explain the principle of construction of the diagram in i 
plest form, but in the next article the lead will be Bb* 
account 

187. It lemams to mofiA^ fee. &a'g:a.m,'i« ^\ji-«aliiU 
convenient ioi tbe sotaWotv ol r- 
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untouched. What is really wanted is a method of 1 ecording 
Dtion of the crank aad the travel of the valve in a single 
ai. 

before, let x x' be the central line of the cylinder, and a b 
vel of the valve, and let A b, d if be at right angles. 
Let CR = lap of valve, 
fi.T ^ lead of valve. 
TM at right angles to ca and join cm. Then, upon com- 
1 of this diagram with that in the last article, it is dear that 




Fig. 155. 

gle MCD represents the angle by which the crank of the 
ric is advanced to allow for the lap and the lead. 

Hence angle hcd = angle of advance, 
c M as diameter describe a circle which which will be one 
nrcle of the diagram. 

th centre c and radius cs describe the circular arc mas. 
m and produce it to a ; then a is the posltiocv o( rta TOai-^ 
It admission. Also join c s and pTodvi.ce\l to e -,•&»«&. t '-s 
itioa of the crank at cut-off. 
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In like manner we may deal with the points of release a 
compression, and trace the period during which the exhaust 
steam is continued. 

For this purpose draw the second valve circle on c N, and w 
centre c and radius c r, equal to the inside lap, draw the drcu 
arc rqs\ then l is the position of the crank at release and /t 
same at compre^^sion. 

The respective openings for steam and exhaust at any tii 
are represented by lines such as pq and/^. The steam port 
always large enough to give the full opening as marked, but 
often happens that the exhaust port is more contracted relative 
whereby the actual opening may be somewhat less than that \ 
out in the diagram. 

Ex. I. If the travel of a slide be 4^ inches, outside I2 
= 1 inch, inside lap=:J^ inch, angle of advance=3o°, find tl 
positions of the crank at admission, cut-off, release^ and compie 
sion. 

Referring to diagram (i) in fig. 156, we have CD=2j inche 




Fig. 156. 

and angle MCD= 30°, also cr=i inch, whence the point*" 
found, and cma^ cs^ can be drawn. Also c r=i" inch, whcrf 
c r L, csl can be drawn, and it will be found that 

angle Aca = ^"^ -^ ^Af'. ^^?Je Ac<f = 123** 36' 44"i 

angle a c 1* = i^^"* ^^' ^' . ^^'^^ ^^1- = ^^'^ -^-i- ^'^ 

Ex. 2 . Given oulsvde \a.v=^'J^ mc5tv,\^^^=■^'«^s^^^^^ 
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opening of port to steamsiT^^ inch, show that angle of advance 
=35** 9', travel of valve=4^ inches, and that cut-off takes place 
when crank has described an angle 115° 51', or at 718 of stroke. 

Referring to diagram (2), draw a valve circle whose diameter is 
CQ + MQ = I + i-i^ = 2^"^ inches. 

With radius CQ= i inch describe the arc wqs. 

Draw c R T A such that r t = -^ ; then a is the position of 
the crank when on the line of centres. 

Draw c D at right angles to c a ; then m c d is the angle of 
advance = 35° 9' by measurement. 

Draw c s ^, which gives e^ the position of the crank at the point 
of compression, and if ^Z be drawn perpendicular to ac produced 
we have a/= 718 of the stroke, and angle a c ^= 115° 51'. 

Here it will be necessary to quit our subject for the present. 
The object of the writer has been to point out the influence 
irhich the modern theory of heat has exercised on the practical 
construction of the steam engine, and to contrast the views 
entertained under the old and new doctrines. No one can be 
said to have a knowledge of the principles of mechanics who has 
not grasped to some extent the philosophy of the dynamical 
theory of heat, and an endeavour has accordingly been made to 
put forward, in a simple manner, many elementary propositions 
which are essential for the comprehending of that ideal heat 
engine which an engineer should always keep in view as some- 
thing to be aimed at though it can never be reached. 

The mechanism and construction of the engine have been 
touched upon in many important particulars ; the drawings have 
been collected from various sources, and in particular from dia- 
grams prepared for the Science and Art Department by C. P. B. 
Shelley, C.E., and the Author ; and it only remains for the latter 
to express a hope that the book now completed may prove to 
some extent useful as a guide to his younger fellow-workers. 



Examples on Valve Diagrams. — Ex. i. The travel of a slide valve is 8 \ 
inches, the angle of advance is 35°, the outside lap is 2\ inches, and the in- 
side lap is \ inch. Find greatest opening to steam, lead, and point of cut-ofT. 

Am. Greatest opening = 2J inches ; lead = J inch •, cut-off «X -^ ol ^\\q?«&. 
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Ex. 3. Given (ravel of valve — 5 inches, outside lap^J inch, in^e Up = l 
Inch, angle of advance — 20°, prove that the position of crank is at 

adniission 2° 30' before line ofcenlies 

cut-off 142 30 after „ 

release 167 40 „ „ 

compression 332 20 „ „ 

Ex. 3. An engine has steam and exhaust ports each 3 inches wide, alia 

inside lap = i inch, outside lap — J inch. Find travel of valve when the pod 

just opens fully to eiliausi ; find also the angle of advance when lead ^ ^ Inch. 

Ani. Travel-6J inches; angle of advance = 15° 37'. 

Ex. 4. Given width of steam port-2'5, opening to steani = l-5, outside 

lead = 'ZS, cipeni:^ to exhaust = 2-5, travel of valve = S, no inside lap, find 

outside lap and angle of advance, all the measuiements being in inches. 

Ans. Lap" I inch, angle oradvBnce = 30''. 

Ex. S. Given travel of valve=T4 inches, angle of admission = 3 J*, cut-off 

at jl stroke, release at '95 of stroke, prove that lead-^^ inch, angle of 

idvance-39'' 30', outside lap = I 176 inch, inside [ap= -4728 inch ; also that 

angle of crank at cut-off — 104° 29' 

„ , , compression = 306 49 

Ex. 6. Given travel of valve = 4 inches, outside lap- ij inch, inside lap 
i^ J inch, angle of advance - 40°, prove that lead — -16 inch, also that 

angle of crank at admission... = S° 4^'i Period of stroke — 13025 

.. cut-i'lf -'OS 46 .. =-6359 

release = 150 48 „ -'9364 

„ ,, compression = 309 12 „ —'1839 

Ex. 7. Given travel of valve=^4-6 inches, cut-off at J of stroke, exhsnst 
opens when piston is jj;- from end of stroke, angle of advance = 30", prove ihit 
outside lap= '903 inch outside lead = '247 inch 

inside lap = '277 inch inside lead - '873 inch 

Ex. S. Given cut-off at ^ stroke, outside I.ip^l inch. Icodv^ incbi 
prove thai angle of advance ^ 36° 35' 2l", travel of valve-4 inches. 

Ex.9. Given cut-off at '6 of stroke, compre^on at '85 of stroke, al^le d 
admission ■^4°, width of steam port— i^ inch, and greatest opening of iteuB 
ports — I their area, prove that travel of valve — 4 J inches, angle of adv 
— 411°, lead^ -128 inch, out^de lap^ 1*438 inch, inside lap — -ij tocb, ingle 
of release — 143°, angle of compression - 45 Jr or 134J, period of stroke ■ 
Kleaie — -g, period of stroke at admission - '0013. 



SUPPLEMENT 
ON GAS ENGINES. 



I. There are two numerical results connected with the theory 
of heat which are of the highest practical value. They are given 
in the Text Book, and are the following : — 

(i) By an expenditure of 772 foot-pounds of mechanical work 
one thermal unit of heat is produced. 

(2) In converting a quantity of heat into work the greatest 
amount of work which can by any possibility be obtained from a 
heat engine 

= — X total heat, 

T+460 

where t and / are the temperatures on Fahrenheit's scale between 
which the heat engine (supposed to be perfect) is working. 

In applying these laws in the construction and management of 
heat engines, we begin by increasing the elasticity or pressure of a 
quantity of gas, such as air or steam, by heating it. Such heated 
gas is then passed into a cylinder and is expanded so as to do 
worL After a portion of its heat has been converted into work, 
the residue is expelled from the cylinder at a lower temperature. 

The first operation, then, is to obtain a supply of heated gas, 
and here we encounter losses at every stage. Thus in burning 
coal for the generation of steam there is a continual escape of heat 
by reason of the imperfections of the furnace, and by the discharge 
of heated products up the chimney. 

Again, there are difficulties to be overcome in forcing heat 
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through the shell of the boiler, and in conveying it 
individual particle of the water or steani. 

It would appcLir then to be a manifest advantage if the 1 
could be applied directly to the elastic gas without the interver 
of any furnace or boiler. An idea or suggestion so obvious 
this can hardly have failed to attract those who are in search 
improvements, and, accordingly, numerous attempts have been' 
made from time to time, in order to obtain an elastic agent by 
setting fire to a mixture of coal gas and air within the very cylin- 
der in which the piston of an engine is workir\g. The neat deve- 
loped in the gas during the act of burning would be thus compelled 
to supply a source of enei^in the closest contact with the moving; 
piece to which such energy is to be transferred. 

No action can be more direct than this, and, in truth, it is the 
very thing which for centuries past has been done in a gua 

When gunpowder is fired in a closed chamber the temperature 
of the gases rises to a little above 2,000° C-, and in the case of 
guncotton the temperature of the gases is about twice that of gun 
powder (Noble). 

The enclosed gases at these temperatures exert an enormous 
pressure, amounting in the case of guncotton of specific gravity 
"SS to as much as 70 tons per square inch, whereas with gun- 
powder of specific gravity i and fired in a closed vessel, the 
pressure would reach 43 tons per square inch (Noble), 

Pressures such as these, generated suddenlyin a closed vessel, 
cannot be dealt with in the present state of our knowledge, except 
for the discharge of projectiles. They are not suitable for driving 
the piston of an engine. 

In order to adapt heated gas to the performance of useful work 
in an engine, we require (i) that its pressure shall not rise too 
suddenly, (2) that the intensity of the pressure shall be kept within 
reasonable limits. 

These conditions can be tulfilled during the burning of coal 
gas or of some form of carburetted hydrogen when mixed with air. 

2. Explosive mixtures of gas and air. — Simple hydrogen 
explodes when mixed with oxygen in sufficient proportions. Thus,. 

■ a volumes hydrogen 1 givea\oude;i e»j\os\Qi\ ■Cuml msj 

^^Hu/time oxygen j propoTlXotiaS.e aiTcvw'ro.tft. 
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tt is a fundamental fact in chemistry that water is composed 
ydrogen and oxygen in the above proportion. 
For the purposes of an engine coal gas or some form of car- 
:tted hydrogen is preferable to pure hydrogen, and we may 
it out that, speaking generally, 100 volumes of coal gas contain 

Hydrogen ..... 50 volumes 

Marsh gas ■ . ■ ■ 35 » 

Carbonic oxide 

Carbonic acid 

Olefines 

Nitrogen 

Total Too „ 
{. We now refer to experiments made in relation to the explo- 
of a mixture of marsh gas with air. 

The substance marsh gas is carburetted hydrogen (CHj) and 
iplodes when mixed with oxygen in sufficient quantity. The 
I violent detonation takes place when \ volume of marsh gas 
ixed with 2 volumes of oxygen. Thus — 

result of tlie combustion is carbonic acid and water in the form 

:eam, and it is calculated that the pressure of the heated gases 

Id rise to about 37 atmospheres. 

Since o/> contains \ of its volume as pure oxygen, the marsh 

*ould require 10 volumes of air for perfect combustion, and 

e would be present 8 volumes of inert nitrogen, which would 

ice the force of the explosion. 

rhus with I volume of marsh gas and la volumes of air the 

sure of explosion is estimated at about 14 atmosijheres. 

fVith a larger amount of air the explosion becomes weaker, 

■with 18 volumes of air the mixture does not explode at all, 

bums with a pale blue flame round a taper immersed in it. 

\\ is matter of interest to find out (i) when there is just 

igh air for an explosion, and (2) when an explosion is arrested 

lie presence of too large a quantity of air. 

£xperiments for ascertaining these limlia NJexe ni^t "■«\ ■v'fc"\'\ 

[^oquiHon ('Journal Chem. Soc' iSn, NtA. v. ■?. i^^i ^" 

rf mixtures of marsh gas and air with the io\\omtv^ics>i»»t- 
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Viar^ Cat 
Volume 


Ail Volume 




7 


s 


7 

"S 

i6 


No explosion. 

First limil of possible explosion. 

Shaip explosion. 

Explosion weaker. 

Same! 

Slight commotion, this l>eing llle last limil of 

u\|)losion. The air is in excess. 



Similar results had been previously obtained when coal 
was mixed with air. There are limits of explosion in both direc- 
tions ; with too little air the mixture will not explode, and the 
same thing happens when the air is in excess. 

Thus Wagner found (1876) that ignition of a mixture of ps 
and air by means of an electric spark began at a proportion fl( 
mixture of i of gas to 5 of air, and ceased when the mixture 
diluted in the proportion of r of gas to 13 of air. OrdinUT 
illuminating gas requires for its complete combustion 6*3 volume 
of air to I of gas. 

4. Pressures produced by the explosion of gas and 
air in a closed vessel. — Another point of inquiry is loascfl- 
tain by experiment the extent to which the elastic pressure of' 
mixture of gas and air is increased when the combustion tr 
explosion takes place in a closed vessel. 

The first published experiments on this subject were made in 
1861 by Hirn, who employed mixtures of hydrogen or coal pi 
with atmospheric air. The explosion vessels were cylindrical,^ 
having a capacity of 3 litres and the other of 36 litres, ' T»ln| 
a mixture of i volume of hydrogen with 9 volumes of lir 
pressure on explosion rose to 3'2S atmospheres, whereas 
pressure, as given by calculation, would have been 5"8 
spheres. The student will understand that the method of 
lation is the following : — 

Conceive that we select a definite mixture of hydn^en 
air. The burning of the hydrogen will give out a certain ni 
oi thermal unit3,anii ft\e ^loiatX ol coTCfevauon will be 
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having a known specific heat and a known latent heat. The rise 
in temperature of the contents of the vessel consequent on the 
explosion may, therefore, be estimated; and from the rise in 
temperature the increase in pressure of the gaseous products can 
I be inferred. This rise in pressure would then be contrasted with 
that actually recorded by a pressure gauge attached to the vessel. 

Similar results were obtained with other mixtures of hydrogen 
and air, as well as with mixtures of coal gas and air. In all cases 
the observed pressures were much below those which theory would 
have led us to anticipate. 

In 1866 Eunsen made experiments ('Phil. Mag,' 1867, vol. 
xxxiv. p. 4S9} wherein he used a very small explosion vessel, 
having a capacity of only a few cubic centimetres.' Also he 
passed the igniting spark through the whole length of the vessel 
in order to secure an instantaneous spread of the flame. His 
results supported those of Him, a similar difference between the 
calculated and observed pressures being established. 

In 1880 there were again experiments by Mallard and Le 
Chatelier, giving a large difference between the calculated pres- 
sures and those actually obtained. 

5. Dugald Clerk's experiments. — We pass on to the ex- 
periments of Dugald Clerk, whose paper on the subject is inserted 
in vol. Ixxxv, of the ' Proceedings of Inst. Civ. Eng." Here the 
mixtures of gas and air were exploded in a strong cast-iron 
cylinder, the internal space being 7 inches in diameter and 8| 
inches long. The explosion was produced by an electric spark, 
and the pressures were marked on the drum of a Richard's 
indicator, which was caused to revolve uniformly by a clock train 
driven by a falling weight, and regulated by a fly or fan. 

The revolving drum was enamelled, and a soft black-ltad 
pencil attached in the usual way to the parallel motion marked 
on the drum a line which recorded the movement of tlie indicator 
piston. Also the drum itself rotated uniformly at the rate of i 
revolution in -3 of a second, and it followed that the position 
Of a mark made by the pencil recorded also the time elapsed sincp 
the instant of explosion. 

Great care vas taken in charging the -vesaA, ft\e NiSVcnaK?, -jixv*!. 
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temperatures of the gas and air which were introduced being 
I measured. The drum was then set in rotation, and, the spark 
I being passed, a Une was traced upon the drum which we propose 



It has been found that in different towns the quali^ of coal 
gas varies, and Mr. Clerk has been careful to distinguish the gas 
accordingly. 

In this notice it will suffice to select a few prominent result! 
as indicating the character of the curves. 

Thus ; Taking Glasgow coal gas and air. 

Temperature before ignilion= iS" C. Atmospheric pressure 
= 147 lbs. 



VliI. g^ 


v.,,.„ 




Time .JapKd aha 
Puiaga of Spirk 


(01 


7 

13 


89 lbs. 
63 lbs. 

S2lbs. 


■07 second 
■18 second 

■2S SCCOQd 



The curves correspondiE 
marked on the diagram. 



o {a) {b) (c) are given below, and 




The gradual falling off in pressure, as shown by the curves, 
indicates the loss of elasticity due to the passage of heat throa^ 
the walls of the cylinder. 

It is important to observe that in curve (a) the pressure risffl 
rapidly to the full intensity, and then lalls gradually by reason dt 
the coo Jing action ofthesui^aceQlfce.c^'OTvdw. 

WTjereas in (ft) the piessxue ■ces.tV?.?, to ^t^\£sj. niiSnk. ■ous*. 
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slowly and is sustained for some little time before it begins to 
diminish sensibly in intensity. 

The same thing is shown in (c), and the explanation probably 
is that the complete combustion of the gas is retarded by the 
presence of an additional quantity of air. 

As before stated, a pressure curve, such as that under discus- 
sion, shows different results with the gas supplied in different 
towns. 

The practical point for consideration is, what proportion of 
air will give the best working pressure, and Mr. Clerk's deduction 
from these esperiments is that with Glasgow coal gas the most 
economical mixture would be i gas to 11 air, while with Oldham 
coal gas he would prefer to use i gas to iz air. 

6. When hydrogen takes the place of coal gas and the mixture 
is strong in gas, the explosion is so sudden and the rise of pres- 
sure so rapid that the effect produced is that of a blow. 

Taking 2 volumes of hydrogen and 5 volumes of air, where 
the air contains just enough oxygen to combine completely with 
the hydrogen, the pressure rose 10 its greatest amount in -ii^'Ca. of 
a second. An action of this kind is unsuitible for the purposes 
of an engine. 

It further appears from Mr. Clerk's experiments that when 
hydrogen is diluted with air in larger quantity the pressure rises 
less rapidly and becomes quite manageable, but it is less in amount 
than in the case of coal gas, and hydrogen is not at all a good 
gas to employ in an engine. 

7. Comparison between early and modern rifled 
g^ns. — It is interesting to note that the same principle of sus- 
tained pressure and less rapid action which has obtained in gas 
engines has been applied in parallel lines to the modem rifled 
gun. 

If gunpowder be exploded in a closed vessel and pressure 
gauges be provided to indicate the tension of the gas, we find : 

(j) The same reduction of pressure from the cooling effect of 
I he vessel. 

(2) The outline of the pressure curve varies considerably with 
different kinds 0/ powder. 

That is to say, there may be a rapid fist oi ■^te.s'iVi.'ce. Vi ^ 'S-^* 
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height, the gas being formed suddenly and brought at once to 
the highest limit of pressure, or the pressure may, as it were, riw 
gradually, and be suKtained for some little time at or neir its 
greatest value, whicli is less in amount than when the rise in 
(wessure occupied a sJiorter period. 

The improvements made in modern artillery have been based 
upon these observations, and a comparison of the old and modem 
systems will be readily presented to the eye in the form (rf a 
diagram, where (aj represents the outline of a as-ton gun as it 
would have been made some lo or 15 years ago, and (b) is the 
outline of the same 25-ton gun as it is now made, the bore of (a) 
being 12 inches, and that of (e) being 10 inches. 

We are here quoting from a lecture given by Captain Noble) 
the Institution of Civil Engineers in 1884. 




Upon each figure is drawn a pressure curve, the starting-poinl 
being the base of the projectile before firing, as shown in dotted 
lines, the vertical line indicating pressures, and the horizontal line 
giving the position of the projectile for each pressure. 

There is also a curve of velocities, showing the velocity gene- 
lated in the projectile during each instant of the motion. 
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Taking gun (a), it appears that tlie pressure rises rapidly to 
(I tons per square inch, and falls along the expansion curve to 
l"6 ton. This is analogous to the explosion of hydrogen in a gas 
(ngine. 

The velocity generated is 1,180 feet per second. Gun (a) is 
>ot a breech loader, and on account of the sudden rise of pressure 
t becomes necessary to increase the thickness of the metal enor- 
Sously around the powder chamber. 

In gun (b) (which is a breech loader) ihe pressure rises only 
> 17 tons per square inch, and falls to 5'2 tons, but the rise is 
lOre gradual, and the intensity is sustained as shown by the 
Irve. Also the gun is much longer, whereby the velocity gene- 
ted rises to no less than 2,225 '^^^ P^^ second, which is nearly 
fice its former amount. 

Of course the velocity impressed is the important thing aimed 
t as every student of mechanics will understand ; and here again 
t have an analogy to the modern gas engine, where coal gas is 
lected in preference to hydrogen, and air is mixed to nearly the 
ll extent which is practicable in order that the combustion may 
» less rapid and the pressure more sustained. 
[ It appears that about twenty-five years ago our most powerful 
fe:e of artillery was a 68-poutider, throwing its projectile with a 
kocity of 1,570 feet per second (Noble), whereas now the weight of 
\k guns is increased from 5 tons to loo tons, and the projectile 
jkni 68 lbs. to 2,000 lbs., the velocities from 1,600 feet to 
boo feet, and the energies from i,ioq foot-tons to 52,000 foot- 
hs (Noble). 

I. The Lenoir engine. — ^ patent for the Lenoir gas engine 
s applied for on February 8, 1860, No. 335, by_/^ U.Johnson, 
ing a CO nun uni cation from abroad byy! J. JL. Lenoir, of Paris, i 

The specification stated : — ' This invention consists in the I 

ilication and use of an inflammable gas mixed with a proper \ 

portion of atmospheric air and ignited inside a cylinder by the 

of electricity ; the expansion thereby produced acting upon 
piston and imparting motion thereto, which motion may be 

ismitted in any convenient and well-known manner to a driving 
Then it described the arrangement ot \n5\i\3.''.e.i ■^'Cvkoto. 
ia connection with a battery, and so i\%^o^fi.i. *^"!»S- 'M 
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electric spark was produced at the right instant at either 
the cylinder, whereby the mixture of gas and air was fired. 

Subsequently the lighting was effected by a jet of gas 
slide conveying a small flame of gas into the cylinder. 

A general idea of the arrangement of the working parts will 
be obtained from the annexed diagram, where C b is the cylinder 
of the engine, p the piston, p q the piston rod, a r the crank, «Q 
the connecting rod, and f the fly wheel 



ler enflM 
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gas and a I 




Fig. 3. 



The actual working of the engine may be understood by com- 
paring together the remaining diagrams. Fig. 4 shows a hori- 
zontal longitudinal section through the axis of the cylinder, :un3 
also gives a vertical cross section through the cylinder. 

As the cylinder when at work attains a considerable tempera- 
ture, it is surrounded by a water jacket, shown in both sections, 
through which a supply of water is constantly circulating. 

The slide l m regulates the admission of air and gas into the 
cylinder, while the slide n t is concerned only with the exhaust 
of the waste products of combustion. These slides are pressed 
against the faces of the cylinder by springs not shoivn in the 
drawing. 

It will be observed that there is a gas inlet tenninating in l«0 
forked branches r and s, which lead into gas orifices marked 0, i- 

There is also an air inlet/, communicating with the space A, 
which would form the exhaust passage in an ordinary steam 
cylinder, but is here applied for supplying air to the cylinder. 
The pipe/ is covered, as shown, by a head or cap b, which formf 
a sort of gasometer, and retains some gas which would otherwise 
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escape and which ts drawn into the cylinder at the next stroke </ 
the piston. 

The mode of working the engine is the following : The pisiun 
travels a certain distance along the cylinder by reason o " 
nection with the crank and fly wheel, and in doing so 
pump to draw in a charge of air and gas at a pressure equal 
that of the atmosphere. When the piston has performed about 
half its stroke, the charge is fired by the electric spark, and the 
stroke is then completed under the pressure of the enclosed gases. 
On the return of the piston the waste products in the cylinder are 
expelled into the open air. 

The patentee states that the slide l m opens the passage n to 
air entering from a, just before / comes into communication "ilh 
the gas inlet 0. Thus nir enters first of all, and then comes gas 
and air which 'both enter the cyhnder but without becomii? 
entirely mixed together, and will exist in the space behind the ■ 
piston in distinct strata.' This is what is said, but it would be'{ 1 
rather difficult to prove it, and in this treatise no attempt will be. 
made to deal with the subject of stratification of the charge, eta 
if there be such a thing. The slide now closes the passage 
when an electric spark sets fire to the mixture, and the piston ii 
driven to the end of its stroke. 

The products of combustion are got rid of by the sli'Je »' 
working over the exhaust passage e. The manner in which tlq 
is done is precisely the same as in an ordinary steam engine,* 
will be apparent from the drawing, and it is therefore unnecesssj 
to describe it. 

Towards the end of the specification we find the foUowiog' 
passage : — 'The object of introducing a supply of air 
cylinder before the gas is allowed to enter is to neutralise 
effect of the carbonic acid gas formed by the combustioii of ll* 
inflammable gas, as the carbonic acid gas without being l^"' 
neutralised might prevent the ignition of the remainder of tMj 
inflammable gas.' 

9. Some indicator diagrams taken from an early Lenoir 
are to be found m vo\. =,1 o^ yd secies, 'Journal of the Fr; 
Institute.' One of iW c-o\\ei\'asei. "iNaTO ■&« 
however, is impei[ecl,mo.sm.-u,t\\a.^fa^^:aSs.<Ai^«smes,''fi.- 
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The atmospheric line is marked ab, and shows the stroke of 

piston. The charge is drawn in at the atmospheric pressure, 

the pressure of the mixture of gas and air falls to 1 1 lbs. 

a vacuum or zero line just before explosion. It then rises 

a steep, inclined line to 48 lbs., and the rest of the diagram 

its own tale. 

It is stated that the crank shaft makes 50 revolutions per 




Fig. 5. 

lute, that the cylinder is 8§ inches in diameter, the stroke ol 
piston being 16^ inches, and that engines of this type are sold 
ftom i to 4 H.P. 

10. The Otto and Langen atmospheric gas engine is 
engine of which large numbers were at one time made both 
England and Germany, and' which attracted a good deal of 
intion from the undoubted success with which it worked. It 
the subject of a patent of 1866, No. 434, to C D, Abel, In 
'875 Mr. Crossley, of Manchester, read a paper before the 
itution of Mechanical Engineers, wherein he described the 
;truction of the engine and the manner in which it operated. 
No doubt there were many valuable points about it, but beinr; 
^ truth, as its name implies, an atmospheric engine — that is, an 
^iigine with an open cylinder in which the piston is driven up by 
he pressure resulting from the explosion of a mixture of gas and 
^, and driven down by the pressure of the atmosphere, it is 
ither difficult, when the principles of the theory of heat have 
Reived full recognition, to understand how such an engine could 
Ontinue for any length of time to occupy the first place. 

It is rather unsafe to state positively the lines in which 
Mechanical improvement will advance, and it happened that Mr. 
i'ossley, in the paper referred to, adduced a variety of reasons to 
H>w that engines of the Lenoir type, in which a mixture of gas 



land air contained in a cylinder delivers its energj' after 
I'tion in driving a piston connected with a crank and 
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iciple and could never succeed because the effect is that of a 

and is not a sustained pressure. 

Then the argument advanced was that the Otto and Langen 

:ine worked on the only true principle, viz. that of sustained 

►sure, and it did so in the following manner. The piston in an 

in cylinder is provided with a piston rod in the form of a rack. 

le piston is raised about -^ of the stroke, and sucks in an 

ilosive mixture. The charge is then fired, the engine being 

[y a gun which stands vertically with open mouth pointing 

wards, the explosive compound of gas and air taking the place 

a charge of powder, while the piston represents the shot The 

;ton is free during its ascent— that is, it does not drive any of 

le mechanism of the engine, and the charge is not sufficient to 

►rce the piston out of the gun, but only to send it close up to the 

n)en end. 

After explosion a partial vacuum is formed beneath the piston, 

'hich descends under the superior pressure of the atmosphere, 

le rack on the piston rod being now suddenly caused, by the 

operation of a friction clutch, to impart a sustained driving pressure 

the fly-wheel shaft. 

It is not the purpose of the writer to describe this engine with 
jcularity, but only to give a general idea of its action. 
The diagram shows the piston p, provided with a piston rod 
(pR in the form of a rack, and working in the vertical open- 
mouthed cylinder a b, which has a water jacket as shown. 

It should be understood that s is the main shaft of the engine, 

and that although p r is always in gear with a spur wheel t riding 

on the shaft s, yet there is inside that wheel, and not shown in the 

drawing, a friction clutch whereby t runs loose on the shaft s 

during the whole upstroke of the piston, but is locked thereto 

during the whole of the downstroke. In other words, the piston 

J* \%free during its ascent, but is a working piston during its descent. 

J In the diagram the piston has been raised through about -^ of 

m the stroke, and has sucked in a charge of gas and air which is on 

I the point of being fired by the slide l. 

•^ The piston is raised through this space by the lever d h n, 

[operated by an eccentric e h on the shaft e which is driven by 
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whose fulcrum is at d, actuates a tappet at n upon the r< 
and leaves p r free to ascend after the explosion. 

On the shaft E is a second eccentric, working the slid( 
means of the rod shown in the diagram. 

These eccentrics, which are made fast to each othe 
carried loose upon the shaft £, and are started and stop 
required by an arrangement of a ratchet wheel and catch c 
not shown in the drawing. A movement of the eccentrics 
place when it is wanted, and not otherwise. 

Outside the slide a small gas jet is kept burning, by me 
which gas fed into a chamber in the valve is ignited, and 
right moment the opening of the chamber to the outside is < 
and the flame therein is brought opposite the entrance 
cylinder and explodes the charge. 

The piston being then driven to the top of its stroke, a 
wheel T being, during this time, in effect an idle wheel, it 
found that the products formed within the cylinder by the b 
of the gas rapidly fall in pressure. 




Fig. 7. 



1 1. The action mXbMi >i)afc c^\vxv^«t >«^\ifc. \sAd<^ clear b 
indicator diagram, \«\\ic^ ^Vo^^ ^. ^nA^'so. ^i3Js^Rws.^^5Jssss^ 
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3 Rt the instant of exiilosion, and then a series of oscillaiions, 
in in dotted lines, from which the mean curve of pressure, viz. 
is deduced. It thus appears that the pressure within the 
inder falls to 11 lbs. per square inch below the atmosphere 
sn the piston reaches the top of its stroke, and that the driving 
ssure in the return or working stroke, as recorded by e l, varies 
[ lbs. per square inch below the atmosphere to the atmo- 
eric pressure itself, at about % of the stroke, as shown by the 
ition of L, It averages 9 lbs. during the time of action, and 
e whole there is a mean of about 7 lbs. per square inch effec- 
2 pressure during the period when the piston rack is driving 
mechanism. 

It is admitted that engines of this type are necessarily limited 
\ small power, and Mr. Crossley stated that no attempt had 
m made to increase their size beyond that of a 3-horse-power 
;ine. 

. The Otto gas engine, — We have now to describe the 
o engine, as made by Crossley Brothers, which has established 
: efficiency and economy of gas engines. 
This invention was the subject of a patent granted in 1876, 
AoSi. to C. D. Abel for 'improvements in gas motor engines' 
i^nuunication from abroad by N. A. Olto). 
^ne Bpecification states that in gas engines, as previously con- 
, an explosive mixture of combustible gas and air was 
roduced into the cyhnder and ignited, whereby there resulted 
Sidden expansion of the gases, and a development of heat, a 
it portion of which was lost by absorption. According to the 
esent invention, a combustible mixture of gas or petroleum 
pour and air is introduced into the cylinder, together with air in 
:h a manner that the particles of the combustible mixture are 
ire or less dispersed in an isolated condition in the au-, so that, 
ignition, instead of an explosion ensuing, the flame will be 
ttimunicated gradually from one combustible particle to another, 
reby effecting a gradual development of heat, and a corre- 
Dnding gradual expansion of the gases. 
A drawing showed the cylinder and piston in section, together 
a slide for tije admission of gas and aw. T\ve^^aXOUQi\-HiKi-A^\% 
's 6:0m the bottom of the cylinder dtevi to ait lot a. "itti^t^. 
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space. It then moved an additional space and drew in 
bustible gas and air. The whole contents of the cyl; 
atmospheric pressure as in the Lenoir engine. The charge 
then fired by the action of a small external gas flame, and the 
piston was driven to the end of its stroke. On the return of ihc " 
piston the products of combustion were expelled into the atmo- 
sphere and the operation was repeated as before. t 

Then the patentee observes that, by this mode of operatinjJ 
any shock which would result from sudden explosion is avoitieil 
partly through the dispersion of the combustible charge, andl 
partly because the first admitted charge of air which does not Ik-I 
come completely mixed with the combustible charge acts 
cushion between this and the piston, and owing to the giadiatl 
development of heat and expansion of the gases there 
tively little loss of useful effect. 

Engines operating in this manner might be single acting lie! 
return stroke being effected by the momentum of the flywheel,' 
they might be double acting, a charge being introduced 
end of the cylinder. 

If the invention had remained at this stage it is probable: 
it would have attracted little attention, but the specL6catioo 
on to describe another and a different mode of working 
engine which is of the highest possible value, and which fonns,i 
the writer thinks, the real improvement disclosed in the 
tion. After a statement that the engine might operate with 
gases at atmospheric pressure or compressed in any desired d( 
there follows a description and drawing substantially thesaniell 
that annexed. 

In this case the piston does not come close up to the cylind* 
cover on its return after ignition, as in the engine first refemJi 
but a considerable space is left at the end of the cylinder 
becomes filled with the residue of the products of combustio*' 
about atmospheric pressure. As soon as the piston begins ' 
forward stroke, air is drawn in, and afterwards gas and 
the return of the piston the whole contents of the cylinder 
eompressei into the. ipact at (he end.^ and the charge is then % 
The expansion drwcs We ■pwian^Q'C^taito.wi.isft.i^thei ■"" 
^" 1 foUnws the exWu^i-, and viiR c^eit qI c'^KoS^o.-a' 
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Referring to the drawing, the piston p is connected with a 
rank shaft, and the space between the dotted lines a^ d^ is the 
mgth of stroke. 

c is a passage for the entrance of the charge, while ^ is an 
ixhaust passage, leading in another direction, for the escape of the 
^raste products of combustion. c« is a considerable space or 




Fig. 8. 

earance which is filled with the products of combustion at about 
innospheric pressure when we commence to trace the working of 
le engine. The piston is driven by the fly wheel except during 
lat particular stroke when there is explosion, and we propose to 
a.ce the operation of four strokes. 

(i) As the piston travels from a to the position marked by the 
:>tted line ^, air is drawn in, then follows a mixed charge of gas 
Id air till the piston arrives at d. 

(2) As the piston returns from d to a the charge is compressed 
to the space c a, and may attain a pressure of (say) 40 lbs. on the 
LViare inch. 

(3) The charge is fired by a gas flame and drives the piston 
Om a to d, 

(4) The piston returns from d to a, and expels part of the pro- 
licts of combustion through e, leaving the space c a filled with 
^^ residue at about atmospheric pressure. 

The cycle of four strokes is then repeated, the piston being 
^ven onwards always at the third stroke. 

The question arises, what is the new principle, or new idea^ 
^xe developed? No doubt it consists in X\ve ^^cvaXvax <:?50iR.Q»^^ 
>^mtions. Up to this time gas engines wexe vjoxV^^Vil ^'a;?K^S|> 
the charge during the first portion of a stioV^e axi^ \!aKa ^>sv»js| 

Y 
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it. Now, for the first time, the charge was drawn in at the fin 
stroke, it was compressed at the second stroke, it was fired at th 
third stroke, and the residue was expelled at the fourth stroke. 

This method of working was new and original, but it was als 
founded on true mechanical principles, and formed an excellei 
illustration of a useful application of the law of inertia of matte 
Suppose we have a small heavy wheel mounted on bearings wit 
its axis horizontal. It will be easy to keep it revolving by a seri( 
of pushes or impulses with the open hand. In doing so, as tl: 
wheel revolves faster and faster, each impulse may recur at long« 
intervals, and the speed of rotation may nevertheless continue t 
be nearly uniform. 

So with the gas engine. The fly wheel of a small engic 
makes (perhaps) i8o revolutions per minute, at which speed th 
impulse of the burning gas may be given at intervals, but th 
rotation of the fly wheel may continue to be nearly uniform. W 
rely upon the inertia of matter to help us. 

13. But not only is the mode of working practicable when lool 
ing at the question from a mechanical point of view, but there is als 
the direct and positive gain of dealing with a charge of compresse 
gas and air instead of a mixture at or about the atmospheric pre 
sure. The engine acts as its own compressing pump. To stai 
at the instant of explosion with the compressed contents of a whol 
cylinder full of gas and air instead of the uncompressed content 
of half a cylinder, is an advantage pretty evident to ordinal 
apprehension, and which may be made more clear by calci 
lation. 

Then also it is claimed that the residue of unburnt product 
remaining in the cylinder will act as a cushion to moderate th 
effect of the explosion upon the working piston. 

14. Having described in general terms the Otto engine as sped 
fled, we pass on to give a particular account, with diagrams, c 
an Otto engine of half horse-power, recently furnished by Messn 

"^rossley to the Normal School of Science as an example of th 
pe of engine which they recommend at the present time. 

It will be convenient to commence with an explanation c 

ae !nethod of charging the cylinder with gas and air, then t 

Jiscuss the arrangement for firing the charge, as well as th 
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lod of getting rid of the waste products. Finally, the com- 
.tive position of the shde and piston will be shown, the action 
le governor will be explained, and a general view of the engine 
conclude this notice: 

15. Charg^in^ with gas and air.— As in the gas engine 
described, a slide is employed for charging the cylinder and 
for conveying a flame to the charge. Such a slide is a flat 
e of metal, having certain passages, straight or curved, which 
so different from anything seen in a steam engine, that con- 
rable attention is necessary before the action of the slide will 
inderstood. 

rhe annexed diagram shows a horizontal section through the 
ider with the piston p at the end of the stroke. The space 




Fic. 9. 



is that portion of one end of the cylinder in which the charge 
ompressed and corresponds to ca in fig. 8, There is also a 
izontal side passage terminating in a valve v, which leads to 
exhaust pipe through which the waste products are dis- 
rged. 

At the end, c, of the cylinder are three pVa\.e&,ftve.t'c».-K\'M^A&. 
■reipt'ep' as being nearest to the cylinder, tVe secoTvi. \»\Tv;fc'5(«. 
■ itself, and the third being the outer covet. TYveae. -^^.^s. «sft 
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shown separately in a perspective view, in order that the student 
may form a better idea of their appearance. 

The slide is faced on both sides and moves to and fro between | 
the fixed covers, being operated by an eccentric as in a steam j 
engine, but with this important difference, that the slide moves 1 
once to and fro while the crank shaft makes two complete revola- 
tions. In other words, the slide makes two strokes while tbc 
piston makes four strokes. 

The general arrangement of the working parts being thus 
made apparent, we have to point out that the slide has to foH 
two functions, viz. (i) the charging, (2) the lighting, and since it 
is arranged that one-half of the slide is concerned in the to 
operation, and the other half in the second, it becomes convenieBl 
to discuss each operation separately. 

We refer now to fig. 10, which shows the slide and its coffli 
fitted together, and fig. 1 1 gives other views in which each cover* 
placed at an angle to that face of the slide with which it is usually 
in contact, the object being to indicate the various openings and \ 
passages made in and through the Slide and covers. 




jC 




INNER COVER 



OUTER COVER 



D ET 




GAS INL6T 



Fig. 10. 



It appears that there are three principal openings in the t 
cover, viz. (i) the gas inlet b, (2) the air inlet d, (3) the 
opening to the cylinder, marked c ; and inasmuch as it is ne 
to charge the cylinder with both gas and air, it is ob\'ious 
passages must b^ cotvUyn^^ loi cA^wve^ing gas from b to c, anJ^ 

from D to c 

We pass on lo \.Vve sec\k>tv^ e^\^N\Yw^^\s^\. sv^s. ^©^.^^gs^^ 
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continually turn back to fig. 1 1 in order to trace the operal 
completely as if he had the slide and covers before him. 

In fig. 12, (i) shows a vertical transverse section of the slic 
covers taken through the gas inlet b. Within the material i 
outer cover, which is a thick plate of metal, there is a c 
passage r having two openings on the face, of the cover. 
' bend r communicates by small ducts or perforations matl 
\ with another passage a, shown in section, which leads immec 
to c. The object of these perforations is to check or throti 
flow of gas, and to prevent it from entering the cylinde 
rapidly. 

The gas having entered a, passes directly from thence I 
cylinder, and at the same time becomes mixed with air. 
make this clear we refer toiig. 12 (2), which is a horiMntaia 
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through the slide and covers taken on the level of c, the op 
to the cylinder. Within the material of the slide is a c 
passage d a c, having openings at d and c. The port d is ti 
inlet, and when the slide is in the position shown, there is 1 
passage of air into the cylinder. At the same time, gas at 
A by the perforations e can pass directly to c. 

In the Otto engine supplied by Messrs. Crossley to the Si 
School, which is of half horse-power, there is no provisia 
admitling j^rsi a sm'5^\^ o^ a« \q 'Ct\e,i::^Wjie.'c,and seccndlyii 
of mixed gas andoXt. Ow.\V<iCQwwm-^,i:&'i'^^MA..iis..o^.^ 
together from fee cownv^'citcme^^., ^t.e>.\\ " 
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of the admission that the charge becomes richer in gas, the object 
no doubt being to obtain a more combustible mixture at that end 
of the cylinder where the combustion .flame enters. 

In the annexed diagram three positions of the slide are given. 

In (3) the slide is moving to the right and is about to open 
simultaneously both d and r to a 

In (4) the perforations e have come opposite the chamber r, 
also D is fully open to c, and the result is that gas and air are 
both drawn into the cylinder. 
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Fro. 13. 

In (s) the slide now moves to the left, whereby the pass^e d 
becomes contracted, while e remains fully open. Hence the 
supply of air falls off, and the-last mixture drawn into the cylinder 
becomes richer in gas, and therefore better adapted for accepting 
and carrying on the flame of ignition which lights the charge, 

16. Firing the charge.— We proceed to describe the 
method of firing the charge in the cylinder, and refer to fig. 14, 
which gives a vertical transverse section through the slide and 
covers, and should be compared with ihe cotti^\e,'ui i\.^\wt "^ 

hg. II. 

The chimney m is shown in section, aud aX vVeViise. ■O^Bi'itKS.'iS 
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a small jet of gas j, kept constantly btmiin|^ and called die M 

The slide is at one end of its stroke, and has the ((Ad 
passage r m such i position that the lower branch of the ftnkil 
opposite to the air passage h and the upper branch commuaicaBs 
with the base of the chimney 

It IS to be noted that the single opening f, in which the foriud 
passage terminates, is on a level with c, the opening into the 
cylinder 

On the side of the outer cover is a passage marked f, the 
general arrangement of which is better seen in fig. ii. "Hiis 
passage is freely open to a supply of gas passing along a pipe 
„ marked ^ gas inUi,' the object being to 

keep // filled with gas, and ready lo 
supply the chamber F, so as to suppon 
a flame of gas burning therein. 

The passage marked a agg, formed 
by the meeting of two cylindrical passage 
aa, gg performs a double office, as »i.l 
be explained hereafter. At present « 
regird it as allowing gas to pass freelr 
from the gas inlet f to the interior of the 
chamber F. 

The gas, on entering r, is earned bj 
the draught of the chimney to the lighted 
flame, or slide light j, and begins to bum, 
air being constantly supplied from belo* 
at H, whereby the chamber F is fiUaJ 
with the flame of lighted gas. 

The gas, filling f, is readily lighted when the slide is in the 
position shown, and the object will be to keep the flame alight 
In order to do so it will be necessary to supply f with both g« 
snd air up to the last moment before the ignition of the charge 

The annexed diagrams, marked (z) (3) (4), are horiionial sec- 
tions through the slide and covers, taken on the level of the lort 
edge of the openmg c 

In (2) the cylinder U^cc,€lv\■tl?,^'»<i«c^^fe^■^«ia■«^aV««lmil^ 
^Iled with the flame ot \iviimTv?, ^aa. 
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It is particularly important to note the position of the passage 
tfdwith reference to the passage// Both these passages are 
shown by dotted lines, because they do not appear in the section, 
by reason of their lying on a different level, but they play their 
pan notwithstanding. 

Also (3) shows that a a is open Xaff, which means that gas is 
entering F freely. 

In (3) a a has just passed beyond/^ at which time no more gas 
can enter f, and the flame within that chamber would soon die 





Fig. 15. 



out ; it will, however, keep burning during the brief interval 
occupied in carrying f across the space maiVLed 'o^ S!t\ft. ^wssA 
\\Ties eeaitdAA, afier which F opens to c and l\ve lAvKt^t vitss. 
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In (4) the passage F is fully open to c, and the slide is at the 
end of its motion towards the left-hand side of the diagram. 

The diagrams (5) and (6) serve to explain a matter of cot! 
siderable importance. 

On turning back to fig. 11 the student will observe a small 
hole or perforation in the inner cover marked m, and the question 
would be asked, what is the object of this perforation? Upon 
careful examination it appears that the opening m is continued 
through the cover and leads direct into the cylinder. It, tbeI^ 
fore, forms a small aperture into the cylinder, and is ordJnarilT 
closed by the face of the slide. 

But m is on a level with a a, and in one position of the slide 
it viU lead directly from the interior of the cylinder to aa. 
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(s) shows an elevation of the inner cover, and (6) is a sectiori 
drawing corresponding to (3). 

In the state of things shown in {5) and (6) the passage ■• 
just on the point ot o'^wti^'.m.q aa^ and it will do so befoit * 
edge of F passes i\ie eA?,& o^ c. 

At this time the ■bmm-n?, ■ 
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nresEure of the atmosphere, while the charge in the cjhnder is 
probably at about 40 lbs. pressure. It follows that if f were 
opened directl) to c the sudden pressure of the gases in the 
cylinder would drive the flame back from the openmg, and the 
lighting of the charge might fail 

But, according to the arrangement under discussion, m open'- 
to aa before F opens to c, and as a consequence thereof the 
pressure of the contents of f is brought up to 40 lbs by the 
entrance of gas and air from the cylinder, first through the 
passage m into a a, and then through gg into f The result is 
that at the instant when the full opening is made from f into c 
there is an equilibrium of pressure in both F and C, and the 
lighting of the charge is safely carried out 

17 The exhaust. — It has been evphmed that upon each 
alternate return stroke of the piston an exhaust vabe is opened 
which allows the greater part of the waste products to escape into 
the atmosphere, but leaves a residue in the end of the c)lmder 




An exhaust valve, marked v, is indicated in iig. 9, and we 
have now to describe its operation and the method of working it. 
It will be remembered that the exhaust takes place through a 
branch passage leading out at right angles to the axis of the 
cylinder. 

The annexed drawings show two vertical s&ct\Qt\?.\VsQ-'i'^'C»K, 
valve V, that on the right being paraUe\toX\ieaMa*ii'OB&<:^^^^\ 
Mad the other being Iransverse to it. 
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The valve v has a spindle vb provided with a collar at b, 
which is attached to the spindle by means of a pin. A spring s 
abuts against b at one end, and against the valve casing at the 
other end, and retains the valve closed except when b is lifted by 
external pressure. 

In order to lift the valve a cam p, keyed upon the shaft x, 
depresses the end d of a bell crank lever d a h, and thereby raises 
the end h of the arm a h. As soon as the cam p has passed 
under the roller d the elasticity of the spring comes into play, and 
the valve is closed, as shown in the sketch. 

1 8. Regulator for supply of gas. — ^The pendulum governor 
of Watt is applied to the regulation of the engine, but its action 
is different from that in a steam engine, inasmuch as its function 
is not to control the rate of supply of gas by opening a valve in a 
greater or less degree, but simply to determine whether the cylin- 
der shall receive a fresh charge, or whether for one or more com- 
plete double revolutions of the fly wheel the charge of gas shall be 
entirely cut off. 

The drawing is taken from an end view of the engine, showing 
the slide in position as worked by a slide rod attached to a crank 
pin E at the end of a revolving shaft. The gas supply comes 
through a pipe on the right hand, provided with a stopcock, and 
having a valve v, closed by a spring, which controls the admissioo 
into the cylinder. The governor balls act upon a sleeve connected 
with the short arm of the lever a c d, whose fulcrum is at c, and 
which is provided with a vertical rod dt, hinged at d, and carrying 
a projecting piece marked t. On the slide is another projection, 
marked s, and when s and T are opposite each other it is apparent 
that a sufficient movement of the slide to the right hand will cause 
s to strike against t, and to push it to the right, thereby opening 
the valve v, and allowing the charge of gas to enter the slide, and 
so to pass on to the cylinder. 

When the engine is at full work this would happen at eveiy 
alternate forward stroke of the piston, and if the speed is accel^ I 
rated, so that the balls rise higher, the end a of the lever a CD I 
rises also, whereby t \s de^i^^^^d below s^ and no gas is admitted I 

into the cylinder. I 

When the rate oi ievo\\x\!\oT\. oi >ii^^\i'^^^^^NXT^^x^'$j5fc^^Bss^^ 
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state, it is apparent that t will come opposite to s, and that n 
mixed charge of gas and air will again be drawn into the cylinder. 

If T were allowed to rise above s, there is nothing to bring it 
down again, and the engine would stop. 

The cone on the top of the governor is a load which rests on 
a shoulder upon the spindle. The slowest working-rate of the 
engine would just suffice to bring the sleeve in contact with ihc 




base of the cone, in which case the stop s would be exactly 
opposite to T. 

If the balls tended to open still further, they could only do so 
by raising the heavy cone, and it follows that a considerable rate 
of increase in the speed of the engine will be necessary before t 
can be lowered sufficiently to fall below s, or before the supply of 
gas is cut off. 

There are thus two rates of speed between which the engine 
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can work in the usual manner. If the highest limit be exceeded, 
the cone is raised and the gas cut off, which soon brings down the 
rate, whereupon the supply of gas is automatically renewed. But 
there is no automatic recovery at any speed below the lower limit, 
or the engine will not work at less than a definite rate detennined 
beforehand by the position of the governor balls. 

19. Working of the engine. — The annexed diagram taka 
from the gas engine under consideration is intended to show the 
positions of the piston and crank at certain periods of the working, 
and at the same time to record the corresponding positions of the 
slide. 

Taking the diagrams in regular order, we find in (i) that the 
slide is just about to admit the mixed charge of gas and air into 
the cylinder, the piston being near the end of its stroke, and the 
crank about to pass a dead point. This state of things is marked 
charging begins. 

In (2), the crank is pioceeding onwards, the charging is ifl 
full operation, and the slide is admitting the charge of gas andak 
freely into the cylinder. 

In (3), the crank has passed the dead centre and the piston is 
beginning to return, whereupon the slide diagram shows that the 
end of the cylinder is closed and that compression has begun. At 
the same time the slide is beginning to assume the position neces- 
sary for firing the charges. 

In (4), the slide has arrived at the point of its stroke wheie 
firing begins, and it will be seen that the piston is just approach- 
ing the final limit of its movement towards the left hand, the 
space into which the compressed charge of gas and air is forced 
just before the instant of firing being indicated by the holtof 
spaces under the word coinpression. 

In (5), the mouth of the cylinder is again closed and the chaip 
pent up becomes expanded and heated so as to urge the pistoB 
onwards and cause it to complete the working stroke. WTien the 
piston arrives at the position shown in the sketch, the exhaust vahe 
commences to open, as may be clearly seen by inspecting the 
indicator diagram ^wew Vv\ ^ ^\x\i's»^Q^etit article. 

20. Plan view ol lYifc 0\!wi ^tl^vcir:.— ^V^ 'iis^!iS3fid Ml- 
page diagram presents a ^^ti^x^n\^^ o1 x^^ ^^'^^^^xr.^^^^^'^ 
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under examination, which is technically an engine of \ H.P. 
which may, as stated in a circular by the makers, be enla^edi 




to \i H.P. Tmii f^Xmiw 
furnished which m&caXe t^ "H--'^ 



"A ■&«. ^iiCsiK ''s^iy.-ffli.- 
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\ We are now referring to a plan view of the engine, which shows 
^borizontal cylinder attached to a framing and having a crank 
Id connecting rod together with a crank shaft and fly wheel 
jranged as indicated. 
It appears from the previous drawings that the piston is a 
)llow trunk having guides of some length, and linked to the 
ink by a connecting rod as in an ordinary trunk engine. 
The crank shaft carries a driving wheel marked (i) gearing 
another bevel wheel marked (2) having double the number of 
ith. This latter wheel is keyed to a shaft for working the slide, 
object being to reduce the motion of the slide relatively to 
It of the piston and to cause the slide to make only two strokes 
ile the piston makes four strokes. This reduction of motion is 
[fundamental characteristic of the Otto engine. 

The slide is actuated by a slide rod shown in the diagram, one 
id of the rod being attached to a pin, placed eccentrically on the 
tad of the driving shaft 

The position of the exhaust valve is also marked, as well as 
he position of the governor, and the mechanism for operating 
he exhaust valve is indicated. There is a lubricator, having a 
fiechanical feed for distributing oil to the slide and working parts. 
the lubricator is kept working by a small strap running upon the 
ift used for working the slide, and there is a gaspipe shown foi 
imitting a supply of gas to the slide and cylinder ; a pipe foi 
rculating water would appear in the drawing, but this, togethei 
ith other minor fittings, has been omitted in pursuance of the 
:ention to give a general conception of the arrangements and 
.cipal working parts of the engine. 

21. Indicator diagram of the Otto engine. — The draw- 
ng is a copy of an indicator diagram taken from the engine 
Bready described. 

The atmospheric line, which is also the line of volumes, is 
narked c b, and it is apparent that the volume of the clearance is 
Bepresented approximately by the distance between the vertical 
fcie marked ignition and the line of pressures cd. The hori- 
tontal full line therefore represents the stroke of the piston, which 
i 9 inches. 

The charge of eas and air is drawn in at almos\i\\^nc \i\^^%>\\^ 
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by the forward stroke of the piston ; it is then compressei 
35 lbs. above the atmosphere, as shown by the line b e 
point ignition takes place, whereby the pressure is carr 
150 lbs., the behaviour of the gases during expansion bei 
by the line marked expansion^ the rapid slope at the end 
that the exhaust valve has begun to open. 



IDO- 




c 



Fig. 21. 



Then comes the exhaust at atmospheric pressure, wl 
indicator pencil runs along the horizontal line and reti 
retaking in a fresh charge as shown by the arrow vertic 
the point e. 

.While this card was being taken the fly wheel was m 
revolutions per minute, and the length of stroke of the pis 
as stated, equal to 9 inches, and the diameter of th( 
being 4^ inches, it is easy to calculate the indicated ho 
from the diagram. 

This has been done, and it appears that the mear 
pressure on the piston:=6o*975 lbs. 

Hence I.H.R :=^^'9^5 xf (4)^x A xl|i^^^ 

33,000 
^2 H.P. very nearly. 

22. Fittings of the engine. — There are certai 
which we proceed to describe by reference to the engine* 
laking, first, iVve ^.a^i^Vj ol '^^'t., \t. vdU be found that pn 
o.re necessary Vn oTdei \.o ^x^n^w\, n^^ ^^n:^:$^'S3&kj^ ^^ck] 
successive exp\os\otv?,ixom e.^xlm'^.xxC'^vT^.^^-^x^^ 
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tin the building which are fed from the same pipe as that 
supplies the engine when at work. 
i^For this purpose the gas passes through a regulator valve and 

Efi bag before it reaches the engine. If it be desired to measure 
quantity of gas consumed, a meter may be placed between the 
tt pipe and the regulating valve. A f -inch pipe will suffice 
ir the engine, and a small pipe with two branches may feed the 
ide light and the passage marked gas inlet in fig. 11, the function 
f the latter inlet being to supply// with gas. 

Another fitting is an air valve, which is a cylindrical box, open 
kthe base, 7 inches in diameter and 8 inches long, terminating 
I a neck leading to the air inlet in the inner cover marked d 
i the drawings. The cylinder is divided by five transverse plates 
iEving ij^inch holes alternately in the top and bottom of each 
hte. 
There is also the exhatcst pipe, which is i^ inches in diameter, 
passes first into a strong cast-iron cylinder 5^ inches in 
leter and 16 inches long, after which it leads on to a cylindrical 
10 inches in diameter and 14 inches deep, filled with beads 
pebbles, whereby the noise caused by the escaping gases is 
:d as much as possible. The jacket surrounding the cylinder 
be supplied with circulating water, which is here provided 
a |-inch pipe and regulating tap, the escape pipe being the 

size as that for the supply. 
i The starting of the engine is a simple matter. The sleeve of 
governor is raised and supported by a catch, the object being to 
T opposite to s in order that the cylinder may take in a 

grge of gas together with air. The gas is turned fully on, the 
e light is set burning, and three or four rapid turns are given 
the fly wheel, which are generally enough to commence an 
tion in the cylinder and to start the engine. 
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QUESTIONS AND EXAMPLES, CHIEFLY NUMERICAL, lAKEN FROM 
THE SCIENCE AND ART EXAMINATION PAPERS. 

1. A Steam engine at the mouth of a coal pit is employed in com- 

pressing air to a density of four atmospheres, this compressed 
air at once acquires a high temperature, and for convenience is 
cooled with water down to 60® ; it is then conveyed in a pipe to 
the bottom of a pit and along one quarter of a mile horizontally, ^ 
where it is set to work an engine similar to the ordinary non- 
condensing engine ; the air wher liberated produces a freezing 
atmosphere all round. Will you explain the above by referring 
to natural laws ? (Science Exam. 1869). 

2. What are the chief constituents of coal, and their average relative 

proportions, for which the engineer has to provide in the con- 
struction of furnaces ? Draw a comparison between what the 
engineer has to do, as compared \»ith the gas-maker, in the using 
of coaL (1869.) 

3. What is meant by capacity for heat ? The capacity for heat of 

mercury is '033 ; how much, at the temperature of 240®, will be ^ 
sufficient to raise 12 lbs. of water from 50° to 58°? (1867.; 

4. Define the dufy of a steam engine. What is the duty of an engine v 

which bums 2*2 lbs. of coal per indicated horse-power per hour? 

(1874.) 

5. How has the work done in raising the temperature of a pound (rf 

water through one degree been ascertained ? A pound of coal 
gives out during combustion 12,000 units of heat ; how much 
work in foot-pounds could be done by burning a pound of coal 
if there were no waste ? (1873^) 

6. If steam were admitted into a cylinder at a pressure of 15 lbs. and 

a temperature 212° F., and were expanded to a temperatnied 
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tfxP F., what is the greatest amount of work which could be done 
according to theory ? Prove the formula. (1878.) 

A.n air engine takes in heat at a temperature of 300° F., and gives 
out heat at a temperature of 50° F. ; find theoretically the amount 
of work which it could do if certain conditions were capable of 
being realized. State these conditions, and draw the indicator 
diagram of the engine. {y^ll^i 

A. steam engine of the beam order of construction, having the 
steam cylinder at one end of the beam and a Ufting pimip at the 
other end, the pump being 24 inches in diameter, is employed in 
pimiping water from a dock to a height of 50 feet, the performance 
of this duty requiring the whole power of the engine. Circum- 
stances have arisen that require the engine to raise water 200 
feet, and a smaller pump has been placed in the centre between 
the fulcrum of the beam and the original pump, so arranged 
that either pump may be used as required ; what should be the 
size of the new pump so as to make available the full power wf 
the engine? (1872.) 

Water has to be raised from a mine at two different levels, namely, 
fifty and eighty fathoms ; from the former thirty cubic feet, and 
from the latter fifteen cubic feet per minute. What power of 
steam machinery will be required, assuming the modulus of the 
plant to be j®5 ? (1872. 

Obtain a formula for determining the weight of water which must 
be mixed with a given weight of steam, in order that the mixture 
may be reduced to water of a given temperature. What weight 
of water at 60° F. must be mixed with 20 lbs. of steam, at atmo- 
spheric pressure, in order to produce water at 120° F. ? (1868.) 

rhe formula is obtained as follows : — 

Let X lbs. of steam at a temperature / be injected into y lbs. of 

er at a temperature f, and let the resulting temperature of the 

densed steam and water be T. Also let H be the number of units 

beat in steam at a temperature /, reckoning from zero of the 

irenheit scale. 

Then the steam loses :r (H— T) units of heat, and the water gains 

^f) units of heat 

.•.;r(H-T)=^(T-/0- 
Ex. Here;r = 2o, / = 2i2, T=i2o, H = 1178-6, /' = 6o, 

r.y (120-60) = 20 (1058-6). .•.j^ = 352-87 lbs. 

Describe the arrangement of the condenser and avt-^Mxw^ ^^. ^ 

condensing engine, and the valves conneeled \3£vet^\TvJ0a.. 'Wsa. 

temperature of the in lectioa- water is 60P, thfc sV^dXCL «dX«^ ^^ 
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condenser at a temperature of 212°; the water pumped 
the condenser is at a temperature of 110°; what weij 
injection-water must be supplied for each pound of 
which enters the condenser ? (The latent heat of ste; 
212° is 966-6.) I 

1 2. How much water should you allow for the condensation 

cubic foot of steam at 212° diuring the working of an a 
What quantity of water is required to obtain one cubic 1 
steam at 212®? 

13. A pound of steam at 212° F. is passed into 20 lbs. of water 

F., what is the temperature of the water at the close 
operation ? 

14. If a pound of water at 212® be mixed with x potmds of w, 

60°, what is the value of x when the resulting temperature i 
Again, if a pound of steam at 212® be mixed with^'poi 
water at 60°, find y when the resulting temperature i 
Account for the difference between x and j^. 

15. A jet of steam at 210° F. is passed into an open beaker con 

a strong solution of a salt (say nitrate of soda) in water 
solution presently boils ; its temperature is then tested by 
mometer, and found to be several degrees above the temp 
of the steam which heated it Account for this fact 

16. The degree of saltness of the water entering the boiler i 

off as 3^, and that of the water in the boiler is kept at 5 
temperature of the feed-water is 100°, and that of thew 
the boiler is 248° ; what percentage of the total heat gi 
the boiler is wasted by blowing off? (The total heat of 
at 248® is 1189-4.) 

17. Describe the safety valve. If a circular inch be allowed 

area of a safety valve for every 20 square feet of heating s 
what must be the diameter of a valve for a boiler whose 1 
surface is 1,200 square feet ? 

18. The steam cylinder of a trunk engine is 60 inches in diamet 

the trunk is 24 inches in diameter. What is the diametc 
ordinary steam cylinder of the same effective area ? 

19. A safety-valve has an area of 5 square inches, and is intcs 

open when the steam has a pressure of 60 lbs. per sqiui 
Make a pen-and-ink sketch of such a safety-valve, use a li 
hold it down, place a weight on the end of the lever 
proper ipos\\\oxv, ^\n^ xN^^X^xv^ ^^ the lever from the fiilo 
the ceivXie oi \a\N^,^Tv^ x.c> \>c^^ ^^^\.x^ ^^ '^'ct.-^^av'^vQ* 
weight m pouiv^s. ^ oxV \}cv^ c^^'=»\S«^ ^Ni.\.\^ ^jcr^sss^ 
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The area of a piston is 4,476 square inches, and the diameter of 
the piston rod is Jth that of the piston : find it. (1868.) 

The crank of a steam engine is 2 feet long, and the mean tangential 
force acting upon it is 17,000 lbs. What is the mean pressure of the 
steam upon the piston of the engine during each stroke ? (1876.) 

Show, with a sketch, the method of fitting a safety-valve to a loco- 
motive boiler. The safety-valve is 5 inches in diameter, and the 
bearing faces are inclined at 45° to the axis of the valve. What 
should be the lift, in order that the available opening for the 
escape of steam may be /o of a square inch ? (1870.) 

The stroke of the piston of an engine is 24 inches, and the dia. 
meter of the driving wheel is 8 feet ; v/hat is the mean velocity 
of the piston when the engine is running at 40 miles an hour ? 

(1872.) 

The safety-valve on the boiler of a locomotive is held down by 
a. lever and spring; sketch the arrangement. A safety-valve, 
4 inches in diameter, is constructed so that each pound of 
additional pressure per square inch on the valve corresponds to 
I lb. pressure on the spring. What are the relative distances of 
the spring and valve from the fulcrum of the lever ? After the 
valve is set, how much additional pressure per square inch will 
be necessary in order to lift it ~th of an inch, the spring 
requiring 10 lbs. to extend it i inch ? 1871.) 

In a direct-acting horizontal engine the lengths of the crank and 
connecting rod are i and 5 feet respectively. How far is the 
piston from the middle of its stroke when the crank is ver- 
tical? (1875.) 

A surface condenser consists of 1,000 brass tubes each, 6 feet long, 
and } inch outside diameter. What amount of cooling surface 
does this give ? Supposing that such a surface condenser is to 
be fitted to an engine, what pumps, valves, &c., would be re- 
quired? (^^IS-) 
, A safety-valve is 2J inches diameter on the steam side, the lever is 
17 J inches long, and the distance from the fulcrum to the valve 
is 3j inches. What weight should be hung at the end of the 
lever in order that the steam may blow off at 30 lbs. pressure ? 

(I87S-) 
. Explain the importance of balancing the cranks in a locomotive 

engine. The leading wheel of an engine is 3^ feet in diameter ; 
what would be the pull on the centre of the wheel caused by an 
unbalanced y/eight ofg lbs. upon the nm^wYiexv \^^ tTv^\xv^^'a& 
running at $0 miles an hour ? Va^'\o>^ 
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29. In the old-fashioned wagon boiler a vertia J open tube, called a 
stand-pipe, passed through the shell of the boiler, and dipped 
below the surface of the water inside. If the steam pressure in- 
side the boiler were 4 lbs. per square inch, at what height would 
the water stand in the pipe ? (187a) 

p. A cylindrical boiler, with flat ends, is 30 feet long, 6 feet id 
diameter, and has two internal flues, each 2J feet in diameter. 
The pressure of the steam in the boiler is 40 lbs. on the ind; 
what is the whole pressure on the internal surface, in tons? 
How is the strength of a cylindrical boiler related to its dia- 
meter, the material being unchanged ? (187a) 

31. In a direct-acting engine the diameter of the cylinder is 17 inches. 

and the mean pressure of the steam is 60 lbs., the crank being 
1 2 inches long : what is the mean pressure on the crank in the 
direction of its motion ? (187I) 

32. Taking a direct-acting engine, and disregarding the effect d 

obliquity of the connecting rod, you are required to assign die 
proportion of lap to the travel of the slide valve, in order to cnt 
off steam at | of the stroke. (1878.) 

53. Give a description of the reverse- valve. If kept in its place by a 
weight of brass, what must be its thickness that it may be opened 
when the pressure of steam within the boiler is if lbs. below die 
atmosphere .'* The weight of a cubic foot of brass is 525 lbs. 

(i86i) 

34. The mean steam pressure on a piston being 26 lbs. above die 

atmosphere, and the mean vacuum pressure 1 3*5 lbs,, what is die 
force exerted on a piston of (i2> inches in diameter, and what 
would have been the force if the engine had worked widioot 
condensation of steam ? (i86d) 

35. The crank of an engine is 3 feet 6 inches, and the connecting rod 

9 feet long. Find the angle which the crank will make wiif'- 
the vertical when the engine is at half-strokf;. (186^-' 

36. The pressure of steam upon a piston is 40 lbs. per square inch, die 

resistance from imperfect condensation is 3 lbs. per square inch, 
the length of stroke is 10 feet, and the steam is cut off at \ ofd* 
stroke. Calculate the number of units of work done upon cacb 
square inch of the piston, and give the numerical result ^%'\ 
being 1*60944). Find also the load per square inch, and tk 
position of the piston when the velocity is greatest O^ji; 

37. Describe an equilibrium valve. The upper side of an equilibrinffl 

valve is 9 metves *m ^\;5Cttv^\.t\,^xv^ >^^\wa^x ^Ide 8 inches; ^ 
the power riccess^i^^ x.oX\^^\xnn\v^^ x^^ \rt^'=i?^ix^T^'3^^ 
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lbs. above that of the atmosphere if the space between the upper 
and lower valves be a vacuum. (1867.) 

L What is a circular inch .^ A safety valve 7 inches in diameter is 
loaded to 6 lbs. on the square inch : what would be the load on 
each circular inch ? (1867.) 

>. Describe and explain some form of equilibrium valve. The dia- 
meter of a steam pipe is 12J inches, the upper and lower discs of 
an equilibrium valve being 12 and loj inches in diameter 
respectively ; what will be the lift of the valve when the pipe ij> 
fully open? (1869,) 

>. Draw a section of a safety valve, loaded directly, and without a 
lever. The diameter of the valve being 4 inches, what should be 
the total load for blowing off steam at 75 lbs. actual pressure. 

(1877.) 
\ . Assume that the beam of a steam engine weighs 5 tons, the pis- 
ton and piston rod i ton, the connecting rod 2 tons, and that the 
radius of the beam is 12 J feet, that the length of stroke is 5 feet, 
and that the engine makes 30 revolutions per minute. The 
question is : What expenditure of mechanical power has to be 
incurred in overcoming the inertia of those parts due to the re- 
ciprocation and changing from rest to motion and from motion 
to rest? (1873.) 

2. The initial pressure of steam in a cylinder, whose stroke is 5 feet 

4 inches, is 45 lbs., and expansion commences when 2 feet 
3 inches have been performed ; find the pressure at the end of the 
stroke. Find also the horse-power, if the area of the cylinder is 
2,218 square inches, and the number of strokes per minute 30. 

(1868.) 

3. Describe a condenser gauge of an engine. The mean pressure on 

a piston being 12 lbs. above that of the atmosphere, and the 
mean vacuum pressure 13 lbs., what is the force exerted on a 
piston of 58 inches diameter, and what would have been the force 
had the engine worked without condensation of steam ? (1868.) 

<. Show how to find the work done by a crank. What force applied 
to the extremity of a crank at right angles to it will do the same 
work as a mean pressure of 4 tons acting on a piston throughout 
the up and down stroke ? (1868.) 

•S The cylinder of an engine is 74 inches in diameter, and the stroke 
is ^\ feet ; what is the capacity of the cylinder ? How many 
pounds of water must be evaporated in order to fill such a 
cylinder with steam at an actual pressure oi \$\bs,,\\.\i€\\\:sL'e^^2^ 
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that steam at 15 lbs. pressure occupies a space equal toi^ ; 
times that of the water from which it is generated ? (1871.) \ 

46. The internal edge of the seat of a conical valve i$ 5 inches in 

diameter, the vertical angle of the cone being 90° ; what lift of the 
valve would give i square inch area of opening ? (1876.) I 

47. A steam engine is employed to work two pumps alternately, giving 

out its full power in each case. The area of the plunger of the , 
one pump is A, and it lifts water 50 feet, the travel of the plunger ' 
being x feet. Whereas the plunger of the second pump travcises 

IX 

— feet at each stroke, and lifts water 150 feet, what should be its 

area ? (1876.) 

48. The cylinder of an engine is 3 feet 6 inches in diameter, the stroke 

is 5 feet, and the steam is cut off at ^ of the stroke. If steam be 
admitted into the cylinder at 45 lbs. pressure, find the work done 
in one stroke (log. 3 = 1 '0986). (1876.) 

49. The stroke of a piston is 5 feet, and the cylinder is 4 feet in dii- 

meter, steam is admitted at 20 lbs. pressure and is cut off at half j 
stroke, find the work done. If steam be cut off at J of the 
stroke, and the final pressure is required to remain unchanged 
what should be the diameter of the cylinder in order that the 
work done may also remain unchanged? (log. 2 = •6931472, lof 
3=1-0986124). (1875J 

50. The cylinder of a steam engine is 3 feet 6 inches in diameter, the 

length of stroke is 5 feet, and the crank makes 30 revolutions pfl 
minute ; what is the horse-power of the engine, the mean effectiie 
pressure of the steam in the cylinder being 10 lbs, on the square 
inch above that of the atmosphere ? (187^) 

51. Investigate an expression for the work done when steam is cot O" 

before the end of a stroke. Steam at a pressure of 60 lbs. is 
admitted into a cylinder, and cut off at J of the stroke; what 
should be the area of the piston in order that a weight of 30 tons 
may be lifted through the length of stroke.'* Allow for frictioB 
and back pressure, (log. 6= 1792.) (iS/*) I 

52. In a compound cylinder marine engine, the diameter of theh|B* I 

pressure cylinder is 57 inches, and that of the low-pres5«t I . 
cylinder is 100 inches, the stroke of each piston being 2|^i 
The mean pressures of the steam in the respective cyUndersa*! 
26 lbs. and 8^ lbs., and indicated horse-power is 1,028 : fifl<l'**l 
number o5 revoVoxKoiv^ rcv^Lda m one minute. ('w I 



53. The dlameler oi a sV^^m c>j\\xves.et \t^ ^ ^\^'^'t-^i:5sjs.%, co: 

engine is 4 feet. T\^^ ttv^vcvt es.ck^'s*^^ -^^iSe. ^\T«iSissv«»^^ 
height of 12s fe^^ ^^ ^ ^"^^^ ^'l *^^^^^ "^^ ^i«ss«58^^ 
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should be the mean pressure of the steam on the piston, allowing 
what you think reasonable for loss by friction and back pressure ? 
(The weight of a cubic foot of water is 62*5 lbs.) ( 1875.) 

Steam is admitted into a cylinder at atmospheric pressure (say 
15 lbs.) and is cut off at \ of the stroke. Find the steam pressure 
when 1^ of the stroke has been completed. (1878.) 

Steam is admitted into a cylinder at atmospheric pressure, and is 
cut off at half-stroke. Divide the stroke into 20 equal parts, and 
suppose that the pressure at the beginning of each of these por- 
tions remains uniform imtil the piston reaches the next in order : 
find the whole work done during the stroke, it being given that 
the area of the piston is 200 square inches, the length of stroke 
40 inches, and that 15 lbs. represents the atmospheric pressure. 

(1878.) 
In an expanding and condensing engine the pressure of steam on 
the piston at the commencement of the stroke is taken at 15 lbs. 
actual pressure, the steam is cut off at 4 of the stroke and the 
back pressure is 4 lbs. on the square inch. The volume of the 
steam compared with that of the water is taken as 1,665, ^^ ^^ 
average pressure of the steam on the piston, and the number of 
cubic feet of water required per horse-power per hour. Given : 
log. 2 = '6931472, log. 5 = I '6094379. Diameter of cylinder 
= 2 feet ; length of stroke = 2 feet 6 inches ; number of revolu- 
tions per minute = 30. iy^ll^ 

. Two horizontal steam engines develop the same power and have 
each a 5 feet stroke. The cylinder of the one engine is 3 feet 6 
inches in diameter, working with a steam pressure of 45 lbs. per 
square inch through the whole length of the stroke. The other 
engine is worked by the same initial pressure of steam, cut ofif 
at \ stroke. 

The question is : What would be the relative maximum strain 
upon the crank pin, and also what kind of crank shaft would be 
required for each engine, assuming the breaking strength to be 
six times the working load and the material to be wrought iron 
of average quality ? (187 3.) 

, A steam engine is employed to drive machinery by means of a fly- 
wheel, having teeth on its rim, and gearing with a pinion on the 
line of shafting. Why is this a good arrangement ? The fly- 
wheel is 1 5 feet in diameter, and the crank which drives it is 
2 feet long. If the mean tangential pressure on the crank pin is 
i6y4.5o lbs., what will be the driving pressure on the pitch circle 
of the pinion ? (:v%*l Oi 
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^9. It is recorded of one of the earliest steam engines that it vsbA y^ 
i8| cubic feet of water through a height of 19 feet at each stroke^ 
and made ^\ strokes per minute. The consumption of coal was 
32 cwt in 24 hours. Find the number of units of work obudned 
by burning 112 lbs. of coaL (The weight of a cubic foot of water 
is 62J lbs.) (187&) 

6a A crank 2 feet long makes a complete revolution under a force of 

2 tons acting tangentially to the path of the crank pin. What 
pressure must act constantly on each square inch of a pistoo, 

3 feet in diameter, and moving through a stroke of 4 fe^in order 
that the work done on the piston may be equal to that done on 
the crank pin ? {1874.) 

61. Will you state clearly the points which determine the eneiigyof 

any fly-wheel, and show by an example how the energy of a fly- 
wheel would be affected — ist, by doubling the weight ; 2Tid,ljy 
doubling the diameter, the weight and number of revohitioib 
remaining the same ; and 3rd, by doubling the number of revoh- 
tions in a given time ? (j873J 

62. Sketch the ordinary pendulum or ball governor of a steam engine 

Mark on your drawing some particular line whose length is 
related to the number of revolutions of the balls. State ibe 
relation as nearly as you know it If the line referred to 
be shortened in the proportion of 2:3, how much would the 
number of revolutions be increased ? ^ (1876.) 

63. Given the breaking tensile strain of wrought iron, find the thicknes 

of the shell of a cylindrical boiler which will support a girtD 
pressure of steam. Example. — The diameter of the shell is 3J 
feet, and the pressure of the steam is 150 lbs. on the square in4 
what should be the thickness of the boiler plate when the tensik 
strain of wrought iron is, for safety^ estimated at 3 tons on the 
square inch ? Prove that a tube under internal fluid pressure is 
twice as strong on a transverse as on a longitudinal sectioiL 

(1S75.) 
^ A steam engine of the overhead beam construction is emplo)"edin 
working a cylinder for blowing air ; the steam cylinder at (H* 
end of the beam is 8 feet from the fulcrum, and the blowint 
cylinder is at the other end, but is twice the distance, namdy, 
16 feet from the centre of motion of the beam. The area of the 
steam piston is 1,000 square inches, with a uniform pressure rf 
4olbs. per \tve\v. T\v&o^'t«^;va^Y!»^"what average pressure coul* 
be exerted "b^ \.\ve\i\omiv^ ^vaXotv^ws -ax^a. \ist\^s^ ^^>«&jft. that rf 

the other ? ^^^ 
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, Water is pumped from a well 400 feet deep by a single-acting in- 
verted steam engine ; that is to say, the piston rod is downwards, 
and steam is admitted under the piston for the up-stroke only, 
the downward motion being left to gravitation. The piston rod 
gives motion to a lever 15 feet from the fulcrum or centre of 
motion, but the lever is carried out to 20 feet, and then the pump 
rod is attached; there is thus 5 feet between the pump and 
engine centres, and 1 5 feet to the fulcrum centre. The steam 
pressiure on piston is 50,000 lbs., and the question is, what force 
will be exerted on the pump rod durmg the upward stroke ? 

Referring to the former part of the question, the steam 
under piston would have the piston, beam, and pump rods to lift 
in addition to the water, but the lifting of those parts is not lost, 
because it can be made to raise nearly an equal weight of water 
during their descent ; will you explain how this can be done, 
state the kind of pump that you would employ, where you would 
introduce air-vessels, and the disadvantage that would arise from 
their omission ? (1868.) 



ANSWERS TO SOME OF THE ABOVE EXAMPLES. 



—15-98 lbs. 
—100, 800, 000 ft. lbs. 
— |J.H. 
-H.P. = 5II 
—21*372 lbs. 
•12279 F. 
2-8 
26-965 
— 7746 inches. 
^55 inches. 
— 9*44 inches. 
— 26703*6 lbs. 



-{. 



22. — '06 inch. 

23. — 9*337 ft. per sec. 

25. — 1*23 inch. 

28.-858*9 lbs. 

32. — \ (travel of slide). 

r 123131*17 lbs. 

I 81048*37 lbs. 



34 



35.-11° 12' 44". 
36.— load = 17*8755 lbs. 
38. — 4*7124 lbs. 



42, 



_/i8i-J 
1380-35 



i-» lbs. 



44.-2-5465 

47- f 

48. — 218061 ft. lbs. 

ri53i92ft. lbs. 

1 43* I inches. 
52.-46*3. 

55-— 8593-857 ft. lbs 
g_ ?ii*4977442los. 

\ '44 cub. ft. 
59.— 7264160* 156 ft. lbs. 
60. — 6*91 lbs. 
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ADDITIONAL EXAMPLES. 



Science Exam. 1879. 

1. The cylinder of an engine is 25 inches long, and steam is admitted 

at 18 lbs. actual pressure, the final pressure being 4 lbs. At 
what point of the stroke was the steam cut off? 

Ans, 5| inches from beginning of strokt 

2. In a steam engine the diameter of the steam cylinder is 50 inches, 

the length of stroke is 7 feet, the number of revolutions is 25 per 
minute, and the mean effective pressure of the steam is irjlbi 
Find the horse-power of the engine. Ans, H.P. = 235*3. 

3. Required the weight to be placed on the end of a safety valve 

lever 17 J inches long, the distance from the fulcrum to the valve 
being 3J inches, the upward pressure on the valve required for 
lifting the valve and lever being 20 lbs., and the pressure of 
steam in the boiler being 100 lbs. per square inch above that of 
the atmosphere. 
Ans, w = 20A - 4, where A is the area of the valve in square inches. 

4. The cylinder of an engine is 25 inches long ; steam is admitted at 

18 lbs. actual pressure, and the final pressure is 4 lbs. Dividing 
the stroke into 10 equal parts, find the steam pressure at cadi 
point of division, and set out Watt's diagram of work done- 
Find also the mean pressure of the steam. 
Ans, 18, 18, 135, 10, 8, 6|, 5f, 5, 4|, 4. Mean pressure - 10^ fl» 

Science Exa?n. 1880. 

I. What is the latent heat of steam } If a quantity of steam weighing 
one pound, and at a temperature of 220° F., is condensed in 100 
lbs. of water at 60° F., what is the resulting temperature ? 

Ans. yf-i F. 

2. The stroke of X\ie ^\s\.otivcv ^ ^■tfecx-^o:\Yv'ij,^^'!8a^O\». \SR»a^:«dtbe 
length of the cotixi^eUxv^xoeL\^^ i^^x. Vi«« V»^>si.s:s«.^%a». 
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from the middle of its stroke when the crank has made J of a 
revolution from a dead point ? Ans. 2'7 inches. 

An engine is using steam at 21 lbs. pressure per square inch above 
the atmosphere, the length of the stroke is 3 feet, and the steam 
is cut off at one third of the stroke. Set out in a diagram the 
approximate steam pressure on one side of the piston throughout 
the stroke, and mark the pressures at the second and third feet 
of the stroke. Ans. 18 lbs. ; 12 lbs. 

• In a double-acting engine the mean pressure on the piston is 

4 tons, and the length of stroke is 18 inches. What is the mean 
tangential driving pressure which can be taken from the rim of 
the fly wheel, the estimated diameter of which is 8 feet ? 

Ans, 1069*1 lbs. 

. What is the speed of the piston of a locomotive engine having 
24 inches stroke, with 7 feet driving wheels, and running at 
40 miles per hour ? Ans, io| feet per second. 

, The diameter of a safety valve is 2 J inches, and the leverage is 

5 to I. What is the pressure of the steam when the pull at the 
end of the lever is 100 lbs. ? Ans, ioi*86 lbs. per sq. inch. 

The cylinders of a locomotive engine are 17 inches in diameter 
and the length of stroke is 24 inches, also the driving wheel 
makes 100 revolutions per minute, and the mean effective pres- 
sure of the steam is 80 lbs. Find the horse-power. 

Ans. H.P. = 440*2. 
Find the pressure of steam necessary for blowing out a boiler 
10 feet below the level of the sea, the weight of a cubic foot of 
salt water being taken at 64 lbs. 

Ans. 4| lbs. per sq. inch above the atmosphere. 
, In a direct-acting engine find the ratio of the velocity of the 
crank-pin to that of the piston in any given position of the 
crank. 
, A non-condensing engine is using steam at 42 lbs. pressure pel 
square inch above the atmosphere, the length of the stroke is 
3 feet, and the steam is cut off at | of the stroke. Find the 
mean pressure of the steam. 

Ans. Theoretical mean pressure = 24*87 lbs. 
, Explain the operation of combining the indicator diagrams of 
work done in a compound cylinder engine, the object being to 
produce, th^ diagram which would have been obtained if the 
steam had performed the same work by going through tha ^«jx« 
changes of pressure and volume in one cyWMw, 
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Science Exam. 1881. 



] 



j 



1. Describe a double-beat or equilibrium valve. The upper side of { 

the valve is 1 1 inches in diameter, and the lower side loj inches. 
What power will be required to open it when the steam has a 
pressure of 10 lbs. above the atmosphere, the pressure between 
the valves being disregarded ? Ans. 211 lbs. 

2. The stroke of a piston is 4 ft. 6 in., the steam is cut oflf at 

9 inches, and tjie pressure at the end of the stroke is 5 lbs. 
below that of the atmosphere. At what pressure above the I 
atmosphere was the steam admitted ? Ans, 45 lbs. j 

3. How is a barometer gauge made and fitted ? If the mercury in 

an ordinary barometer stands at 30 inches when that in the 
gauge stands at 26 inches, find the pressure per square inch of 
the vapour or air in the condenser. Arts. 2 lbs. 

4- The cylinder of a single-acting pumping engine is 72 inches in 
diameter with a stroke of 10 feet, and it works a pump whose 
plunger is 23 inches in diameter with a stroke also of 10 feet 
The load is 142 lbs. per square inch of the area of the plunger. 
Find the mean pressure of the steam per square inch of the 
piston, and the horse-power when the engine makes 8 strokes 
per minute. Ans. Mean pressure =» 14*49 ^bs. H.P. = 143.. 

5. An ordinary cylindrical boiler has flat ends with two internal flues 
running from end to end. The boiler is 28 feet long, the shell 
7 feet in diameter, and each of the two flues is 30 inches in 
diameter, the iron employed being J inch in thickness through- 
out. Taking the ultimate strength for the longitudinal or 
double-riveted joints at 35,000 lbs. per square inch of sectional 
area, and that for the transverse or single-riveted joints at 
28,000 lbs. per square inch, find the ultimate bursting pressure 
(i) along a longitudinal ; (2) along a transverse section. In 
what way are the internal flues strengthened ? 

Ans. (i) 416*6 lbs. per sq. inch. 
(2) 1534*2 lbs. per sq. inch. 

Science Exam, 1882, 

I. What effect is produced by putting lap on a slide-valve ? The 

lap on the steam side of a slide-valve is ij inches, that on 

the exh.anst side is \ inch, and the lead is ^ inch. Find the 

opening for exhausl 'wYv\e\v \>^t -^^Xn^ ^'^ ^n^ ^ vJca. \awer port 

when the piston \s a\. l\ve to^ oi \\s sxx^Yfc. Ans, v^X^^is^. 
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I State the law according to which the pressure of a mass of aii 
diminislies as its volume increases, the temperature being un- 
changed. Assuming this law to hold for the expansion of steam, 

^ find the steam pressure at the end of the stroke of the piston in 

• an engine where the steam is admitted at a pressure of 3olbs. 
above the atmosphere and is cut off at fths of the stroke. 

Alts. 3 lbs. above the atmosphere. 

I The area of the piston of an engine is 3 sq. feet, the pressure of 
the steam is I5!bs. per square inch above the atmospher 
admission, and the steam is cut off at ^ of the stroke ; the crank 
shaft makes 40 revolutions per minute, and the length of the 
stroke is three feet, find the H.P. (given hyp, log. 3 - it 

Am. H.P. = 65-c|. 

I An engine is competent to raise 70 millions of pounds through one 
fcKJt by the burning of 1 12 lbs. of coal. How many pounds of 
coal does it consume per horse-power per hour ? Ans. 3-168. 

b Find the number of cubic feet of water required per H.P. per hour 
in a non-expanding n on -condensing engine, the pressure of the 
steam on the piston throughout the stroke being taken at 15 lbs. 
above the atmosphere, and the volume of steam at that pressure 
being taken at 874 times the volume of the water from which it 
is generated. Ans. I'os. 

A mass of air at atmospheric pressure is compressed by the action 
of an engine and is heated thereby. It is afterwards cooled 
down to its original temperature before compression, and is then 
expanded while doing work. When it again arrive! 
pressure of the atmosphere it is intensely cold and may be used 
for refrigerating purposes. Explain these results according ti 
the principles of Thermo-dynamics. Why is it an advantage to 
cause the air to do work while CNpanding? 

Science Exam. 18B3. 

, In a beam engine the mean pressure of the steam on the piston is 
20 tons, and the length of the crank is 3 J feet, what is the horse- 
power when the crank shaft makes 30 revolutions per minute f 
Ans. H.P. = 407j=V, 
In a jet condenser the temperature of the condensing water is 60' 
and that of the entering steam is 212°. Also tlie condenser 
remains at a temperature of 104° Under these conditions find 
the weight of condensing water per pound ot s\.fcKK\vj\i«;n e 
the condenser. Am. t-V\"^™ 



I 
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3. Define the horse-power of an engine. If an engine ci 

of coal per horse-power per hour, how many foot-pounds of work 
will it perform when consuming 112 lbs. of coal? 

What diameter of cylinder will develop 50 horse-power with 
a four-foot stroke, 40 revolutions per minute, and a mean effective 
steam pressure of 30 lbs. above the atmosphere, the engine hcint; 
non -con den sing ? 

Am. iio,8So,oooft. lbs. ; diamcter= t4'8 inches. 

4. Explain the method of constructing a parallel motion for a com- 

pound cylinder beam engine. , 

5. Show that no more work is obtained from a given quantity of 

steam by passing it through two cylinders as in a compound j 
engine than by adraittingit into a low-pressure cylinder only with \ 
the same degree of expansion. . 

6. In a direct-acting engine, set out by a diagram the relaii« 

positions of the piston and crank during a stroke on the suppo- 
sition that the connecting rod is of infinite length or temaina 
parallel 10 itself. How is this diagram altered when a defiiuie 
length is assigned to the connecting rod F ^^H 



Science Exam. 1884. ^^^ 

. Define the horse-power of an engine. Find the horse-power of a . 
locomotive engine which can draw a train weighing 100 tons (in- 
cluding its own weight) along a level road at 30 miles per hour, I 
the train resistance being taken at 10 lbs. per ton of load. . 1 

Ahs. H.P.-8a \ 

\. Steam is admitted into the cylinder of an engine at an actnri j 
pressure of 45 lbs. per square inch, and is cut off at one-third cf 
the stroke. Find ihc pressure in pounds at half-stroke, and also 
at the end of the stroke. Ans. 30 lbs.; ijlbi 

I. Describe a mercurial pressure gauge for indicating the pressurerf i 
sleam in a boiler. If the specific gravity of mercury be \y\i . 
how much higher will the mercury stand in one leg than ia ihf * 
other when the pressure of the steam is ID lbs. on the sqiutc | 
inch above the atmospheric pressure. Am. io-^ inches nearff- ' 

i In a condensing engine the back pressure is 4 lbs. per stjuareincb • 
on the piston, and the actual pressure of steam in the sle^ni 
chest is 30\bs. per «.i\iiare inch. If the clearance between d* 
piston and ftie insvie lA 'Coft c^Xvr^m ciistt be ^ inch, how ta ■ 
must the piston ^ hom. *ve ctA. (I*. ■Cm. s-TOtt ■».-iMt^iB».<* ■. 
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compression in order to compress the vapour in the cylinder tc 
the pressure of the steain in the steam chest ? 

Ans, 3^ inches from end of stroke. 

If 2 lbs. of steam at 212° F. are passed into 30 lbs. of water at 
70** F., what is the temperature of the water at the end of the 
operation? Arts. I39®*28. 

Find the greatest diameter of a cylindrical boiler to resist a pres- 
sure of 100 lbs. per square inch, the plates being } inch thick, 
and the safe stress upon the metal being 5,500 lbs. per square 
inch. Ans, 41^ inches. 

Steam is admitted to a cylinder at a pressure of 80 lbs. to the inch, 
and is cut off at one-third of the stroke. The diameter of the 
piston is 40 inches and the length of stroke 5 feet, the number of 
revolutions being 50 per minute. Given hyp. log. 3 = 1*0986, 
find the horse-power of the engine. Ans, i,o66| H.P. 



Science Exam. 1885. 

If 400 tons be lifted 10 feet in 10 minutes by a steam engine, 
wherein the area of the piston is 400 square inches, the mean 
pressure of the steam on the piston is 25 lbs. on the square inch, 
the length of stroke is 4 feet, and the number of double strokes 
made in a minute is 15 : what proportion of the power applied 
to the piston is lost in the working of the machinery .? 

Ans, 2 si per cent. 
Steam is admitted into a cylinder at a pressure of 25 lbs. on the 
square inch above the atmospheric pressure of 15 lbs. on the 
square inch, and is cut off at such a point that its pressure at the 
end of the stroke is 5 lbs. below that of the atmosphere. At 
what point of stroke was it cut off? Make a diagram, showing 
approximately the steam pressure on the piston throughout the 
stroke. Ans. Cut off at J stroke. 

. Steam is admitted into a cylinder 32 inches long at 40 lbs. pres- 
sure above that of the atmosphere (viz. 1 5 lbs. on the square 
inch), and is cut off at one-fifth of the stroke. The area of the 
piston being 3 square feet, find the work done in one stroke by 
dividing the stroke into five equal parts and considering the pres- 
sure in each of the latter four parts to be the mean of the pres- 
sures at the beginning and end of the same. 

Ans. 34002*432 foot-pounds. 

[. If the boiler of an engine gives out every minute 100 cubic feet 
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of steam which propels the piston with an average pressure J' 
50 lbs. on the square inch, what is the horse-power of tk 
enginef Atis. H.P. = ii^. 

5. In a direct -acting horizontal engine the length of the crank is^ 

I foot, and that of the connecting rod is 5 feet. When the cranl; I 
is vertical the pressure of the steam on the piston is 4,000 Ibs-il 
find the thrust along the connecting rod, and the pressure on ih f 
guide bars at that point of the stroke. 

Ans. Thrust -.4oS2'481to.j 
Pressure - 816496 Ua I 

6. If the cylinder of a locomotive be 20 inches in diameter williir 

stroke of 2 feet, and the diameter of the driving wheel be 6 feeU 
find the tractive force exerted by the engine for each poundoll 
pressure per square inch on the piston. Ans. 66i( lbs. 

7. It being given that the travel of a slide valve is 4^ inches, the oiil-( 

side lap i inch, the inside lap ^ inch, and the angle of advanccj 
of the eccentric 30°, find (on the assumption that the obhquilj 
of the eccentric bar or rod maybe neglected) the positionsdj. 
the crank at admission, cut off, release, and compression. 
Ans. 3° 36f ', 56° 23i', 23° 37J', 36° 22a' ; the angles beinj 
measured from the line of dead centres. 

8. In a compound cylinder tandem engine the steam is cut otf a 

third of the stroke in the high pressure cylinder, the areas of l!w 
pistons are as i to 3, and the diameter of the smaller cylinder ' 
2o inches ; investigate an expression for the work done in 01 
stroke. Example ; Find the horse-power of the engine whs 
the initial pressure of the steam is 83 lbs. per square inchabovtl 
that of the atmosphere--- viz. 15 lbs,, the back pressure in iht 1 
large cylinder is 3 lbs. per square inch, and the speed of eadi | 
piston is 300 feet per minute. Given that hyp. log. 3= fofjSfi. 
Ans. H.P.-S78'6d' 



Science Exam. 188S. 
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. Explain the advantage of working steam expansively and 
condensation. Steam is admitted into a cylinder at 30 Ibi 
above the atmosphere, which is taken at i; lbs. per square ini4 
and is cut off at a certain point and then cxpands.to a pressnt 
of 5 lbs. below the atmosphere. If the length of stroke ^ 
4i feet, at whatijoHA k the steam cut off? 

Ans. JjlS ths ofstnto- 
In a jet condenaev t\\t te.w^^tT3■^■^t'i -al &t\-Kip-'^\.\sni-«aua.--e.ta\. 
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ithat of the water after condensation is loo" F., and the latent 
heat of the steam which enters the condenser is J,ol6 thermal 
\ units, the temperature of the steam being then 140° F. ; find the 
number of pounds of injection water for each pound of steam 
condensed. Arts. 36'4 lbs. 

, The diameter of the cylinder of an engine being 53 inches, the 
stroke 5 feet, and the number of revolutions 30 per minute, find 
the mean pressure of the steam to develop 600 indicated horse- 
. power. >4j7j. 29-9 lbs,, taking «■ = ". 

t Find tlie thickness of iron plates in a boiler shell 6 feet 4 inches 
r in diameter for a pressure of 40 lbs., the greatest tensile stress 
' permissible in the material being 5,000 lbs. per square inch. 

Ans. -304 inches. 

L Given that the travel of a slide valve is 5 inches, outside or steam 

' lap \ inch, and the angle of advance szi", find graphically, or 

: otherwise, the position of the crank at the point of cut-off. 

I Ans. 140° 3' from the line of dead centres. 

I A motion of i inch in the pencil of an indicator, as due to steam 

. pressure, represents a pressure of 20 lbs. on the square inch. 

' What is the H.P. of an engine, making 90 revolutions per 

minute, the diameter of the piston being 10 inches, the length of 

stroke 20 inches, the area of the indicator diagram 8 square 

inches, and its length 5 inches? Ans. 2Z'843, taking 7r^3'i4i6. 

', An engine uses 10 lbs. of steam per minute, the feed temperature 

is 60" F., the boiler temperature 300° F., and that of the con- 

' denser is 104*^ F. What is the theoretical maximum efficiency 

of the engine ? State Regnault's formula for the total heat of 

1 steam at a given temperature, and deduce the amount of heat 
which each pound of steam has received in the boiler. What 
horse-power would be developed if the engine worked as a per- 
fecteDgine? Am. Max. efficiency = -2sB ; H.''- = 69'I3S, 

U J 
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THEORY OF HEAT ENGINES, 

The object of the present chapter is to place before the student 
some further facts in relation to the working of steam in its 
application as a motive power, and to collect together certain 
formuUe and tables which are in common use. 

We take up the subject as a sequence to Chapters II. and III, 
of the Text-book on the Steam Engine, and shall refer, where 
necessary, to the principles and conclusions therein set forth. 

Assuming the first law of Thermodynamics — viz. that heat and 
mechanica! energy are mutually convertible, the one into the other 
— it will be convenient to obtain a general equation which is of 
universal application, and upon which our conclusions may be 
founded. 

Art. I. The relation between heat and work.— Conceive 
that a body or substance of any kind, or a quantity of gas, such 
as air, has a certain volume, temperature, and pressure, and is then 
subjected to a certain action whereby a small additional quantity 
of heat is imparted to it ; the qucst\QTV Yia* a-Tfie,^., ■^\a!i. ■^^ 
become of this beat? 
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tg work upoV 
change initi| 



One portion of the heat may be expended in doing 
the particles of the hody and thereby effecting some change 
internal condition, or in the amount of energy stored up in it; 
the work so done is called Inierttal Work. 

Another portion of the heat may be expended in producing 
change of volume against external resistance, in which 
work done is called External Work. 

Let now u represent the total energy existing in the substanrs 
before additional heat is imparted to it 

a U = the change of energy, 

i^w = the external work done during the operation, 
rf ji = the heat imparted ; 
then, dq = d\j Jf dw. 

This equation, adopted from Clausius, may be regarded w 
the fundamental statement of the relation between heat aui 
work. 

A little consideration will show that the equation may be 
somewhat modified, for the action of heat upon a body is irf 
twofold character; one portion produces a change in the kineol 
energy of its molecules, and another portion is expended in 
coming the resistance to change of any kind which the moleculo 
put forth among themselves. 

Of the precise nature of this latter action we are ignoram 
and in an elementary inquiry nothing is gained by breaking nf 
the symbol dv into its component parts. 

2. External work done during the expansioa of 
volume. — The working substance in a heat engine being some 
form of gas or vapour, we are frequently concerned in ascertaininp j 
the amount of external work done in expanding the volume of ! 
the substance against the external pressure of the atmosphere. } 
Thus steam, as used in an engine, occupies a much larger span 
than the water from which it is generated, and work most bt 
done in displacing a quantity of air under pressure by a like 
volume of steam. 

\Vherevev there is expansion of volume against eitcrt^ 
resistance wotVl musl \ie idtit, B.tvi mi t-tj^^teKViitv for such Or 
penditure of work is easSVj touixi. 

hm - 



Expansion of Volume. 3 

_ Prop, — When a quantity of gas at pressure p and volume v 
ipands to v-\-dz<, the external work done vs pdv. 

:C i/s be an element, at any given point, of the surface or 
junding envelope enclosing the gas, n the normal to the surface 
; that point, dn the infinitesimal movement of rfs along the 
srmal during expansion. 

F Then dn xpds is the work done hyds along the normal 

wiring expansion, p remaining constant. 



and {{ d 



X p ds is the whole work done. 
r» xpds=p\\dn X ds —pa 



Work done during expansion=/ df. 

I The same would he true if we dealt with a solid or a liquid, 
•Dt the expansion would, as a rule, be so much less in degree for 
my ordinary changes of temperature as to be quite inconsiderable, 
■id it is commonly disregarded. 

I It may, however, be said that in every case in which a volume 
lexpands tov+dv against a uniform pressure/ acting in the 
erection of a normal to the surface at every point, we have the 
Iquation 

Ld^ = du+pd7'. 
An example of expansion of volume while work is being done 
curs in an ordinary engine when working with compressed air ; 
ind, in order to bring the matter clearly before the student, we 
proceed to consider the case of air doing work behind the piston 
M an engine, on the hypothesis that there is no passage of heat 
fcrough the walls of the cylinder or through the piston. 
[ Here it is necessary to bear in mind the experiments of Joule, 
ifhich show — 

I That no change of temperature occurs when air is allowed to 
expand in such a manner as not to do work, 
; II follows that if air docs work in expanding at a constant 
temperature, heat must be supplied in such a quantity as to do 
^e whole of the work. Furtlier, if no heat be sui^i^U^d, tKe. ■«'5,\'t 
kan only be done at the expense of the mwms^c etvtfgj c^ ■fe^ w 
tself. 
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Let now a mass of air of volume v, pressure /, and tera- ■ 
[lerature / expand while doing work without transfer of heat. 
This state of things is represented in the 
diagram, a b being the expansion curve, or j 
A the line of volumes, and oy the line of I 



during expansion from pressure am to pres- 1 

sure I! N will be represented by i >> rf i' or by I 

tlie area a bn m ; and since no heat is taken i 
r received, the work so measured mosl I 



be effected by tlie intrinsic energy of the 

Also, A B N M represents the heat expended and taken from the \ 
air itself, whereby its temperature falls. ( 

The general equation leads, of course, to the same conclusion ; 1 
lor, taking the formula ' 

we have ^dq = o, and \d'«=\^dv = area a B N M. 

Hence 0=\dv + area A B n m. 

Which is equivalent to saying that the external work, as rep* 

sented by the area a b n m, is taken from the internal eneigyol 

the mass of air. 

3. Cyclical process. — It has been shown that in a gv^ 
pracas the substance returns to its original state as to voluM 
temjierature, and pressure. 

Conceive that a series of changes is taking place and that we 
represent what is going on by the equation 

\dq=. \d\j + \dv. 

As a general rule, we should have 

J i/o = U.j — U|. 

But in a cyclical pigtes^ *.Vt »fc'i.\.'K\iifc^tv>WTO.^ji Its ori^nal 




Cyclical Process, 
.ence tie test of the process being cyclical is that 



\ 



In other words, the sum of all the quantities of heat imparted 
the cycle is equal to the total amount of external work 
'&one during the series of changes. 

This conclusion is entirely in accordance with the description 
of a cyclical process as given in the former treatise. 

Thus, suppose a subsUnce to expand as determined by the 



nd to be compressed, as 




isothermal tt and the adiabaticT/, 
shown by the isothermal //, and the 
adiabatic /T, thereby completing the 
cycle, and let Q, be the heat taken in 
and Qj the heat rejected during the 
operation, we shall have 

Externa! work done = Q[ — Qj 



That is to say, one and the same 
area will represent both the external 
work done and the heat expended during the operation. 

Having made these preliminary observations, we pass on to 
treat of the subject of the expansion of steam. The first step is to 
obtain the result now [oUowing. 

4. Relation between the temperature and pressure 
of saturated steam. — It will be understood that dry saturated 
steam is the vapour of water, or is in the form of a gas, free from 
any admixed particles of water, and in such a physical state that, 
while the pressure remains constant, the smallest subtraction of 
heat will cause partial condensation of the steam. 

Superheated steam, on the contrary, would be the vapour at a 
higher temperature than saturated steam of the same pressure. 

The pressures of dry saturated steam at different temperatures 
are found by experiment, and the results are given in tables. The 
experiments chiefly relied on are those of Regvault, yihitb. -aese. 
published at Paris in the year iS^T, ani \i\e few. t'Sw.'mT*" ""w.- 
Table I. are adopted from a treatise tm 'Wea.X. Vj "tfWJsa,"*"^"^^ 
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obtained his results from Regnault, and has calculated them fS 
the latitude of Dublin. 

The temperatures are given in Fahrenheit degrees, and die 1 
pressures are stated in pounds per square inch. 

The following examples are worked from Table I 

Es. 1. Find the pressure of saturated steam at a t 
of 300° F. 

By Table I.~ 



Pressure at 
Difference for 


301° 
293° 

7 


= 69-20 lbs. 
= 6039 „ 
= S-8i „ 


= 6-85 




pressure at 30 


o'F 


= 0o'39 lbs 

= 67-24 lbs. 


+ 6-85 

persq. 


lbs 

D. 



Ex. 2. Find the temperature of saturated steam at a pres; 
of 150 lbs. per square inch. 

Here a pressure of i4S'8 lbs. indicates 356° F. 
163-3 » 365° F. 

Difference for 17 -5 „ 9° F. 

„ 4-2 „ 2-i6° F. 

or, temperature at 150 lbs. = 356° + 1-16° F. 
= 358'i6° F. 

Ex. 3. Steam is blowing off at a pressure of 75 lbs. by the 
gauge ; the barometer stands at zg's in. What is the tempera- 
ture in the boiler? 

Taking the weight of a cubic inch of mercury at ordinary 
temperatures as -49 lbs., we liave 

weight of 29'5 in. of mercury = i4'4SS lbs, 
and absolute pressure of steam = 89'4SS lbs. 

Whence it is easy to show that required temperature^ 3i9'65*" 

Ex. 4. The temperature of the condenser is 110" F. The 
vacuum is Z5'3 in. by the gauge ; the barometer stands at 29 in. 
WJi.il part of the pressme m vKt cowdeaset is due to the pre 
of air? — Arts, '^^t) 1\js. 



The 

29 in. 

presea|^ 



specific Volume, 7 

5. Specific volume. — In the Text-book the term specific 
volume was employed as synonymous with relative volume^ that is, the 
ratio of the volume of a quantity of steam to that of the water from 
which it is generated This was done because reference was then 
being made to some experiments of Fairbaim wherein that parti- 
cular meaning was assigned to the term in question. 

In the present chapter the volume of one unit of weight of any 
substance under consideration, whether water, air, or steam, will be 
called the specific volume of the substance, and will be represented 
by the symbol v. And inasmuch as the volmne depends on the 
external pressure/ supported by each unit of surface, and also on 
the temperature /, we have 

or the specific volume is in general a function of the temperature 
and pressure. 

It is to be noted that in the present article / is expressed in 
absolute measure. 

For example, in the case of air, which is treated as a perfect 
gas, the fundamental equation is 

/z/ = R/. 

In the case of steam, by which we shall always intend dry 
saturated steam, unless the contrary be expressed, there is no simple 
fundamental relation between p, t and v ; d,nd it is necessary there- 
fore to have recourse to empirical formulae, or to tables which give 
experimental results. 

6. Heat expended in the evaporation of water.—We 

have now to examine the expenditure of heat when converting 
water into steam, as well as the measure of the external and internal 
work done during the operation. 

As to the heat expended in changing water into steam, there 
are two cases to be considered. 

(1) The water may be converted into dry saturated steam. 

(2) The steam generated may be moist steam, or may contain 
a definite amount of water in the form of fine globules mechanically 
suspended. 

For case (i). There is the formula b^ 'R.^^xi"aM\\«^ n\i« 

H = io9i7-f 305 (/— 32) = a-Vmt, SM^^Qisfc^ 
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\ 



where / is expressed in Fahrenheit's scale, and h and l aiCf 
expressed in British thermal units. j 

The formula for h is fundamental, and the student may refer 
to Table I., where he will find a column of values of h in thennal 
imits, for intervals of temperature marking 9° F. 

Another column gives values of //', where h' is the heat 
expended in raising i lb. of water from 32** to /. 

AVe take the values in this column from a table calculated bjr 
Rankine, the results being adapted for thermal units. 

Another column gives the values of l for intervals of 9® F. 

It appears also from the definitions of H, l, and h' that we 
have the fundamental equations : — 

H = L + >^', 
or, L = H — ^. 

It will be understood that the values of l are deduced imme- 
diately from those for h and h'. 

Thus, if it be required to find the heat expended in evaporating 
water at a temperature t^ into dry saturated steam at a tem- 
perature / : — 

Let h^ be the heat required to raise ilb. of water from 32** F. 

to/o, 

Then, total heat of formation =h—^o. 

Ex, I. The absolute pressure of steam in a boiler is 95 lbs 
per square inch ; find the total heat of formation from water at 
32° F. 

By Table I.— - 

Pressure 101*9 lbs. corresponds to 329^ F. 
„ 89-88 „ 320° F. 

Difference for 12-02 lbs. is 9° F. 
,'. 5*12 lbs. corresponds to 3*83° F, 

or, ^=323*83°; 

whence, h = 1091-7 + 'Zo^ (323*83 — 32) 
= 1180-71 

the answer being e^pie?>sed in British thennal units, or B.T.U. as 
it is often writlen. 

In case (2). "L^l ^^^ ^Xj^^xxy'^^ \x^a\^\.^^^ ^^'vsst ^a!$i&.v^^ 



r 

[ 



Examples, 



water raised to temperature /, only x lbs. have been evaporated, we 
have 

Total heat of formation = /*' + :cL 

\ where h* is the heat required to raise ilb. of water from 32° F to /. 
If the water be originally at temperature /© we have 

Total heat of formation = h' —^0 + ^ l. 

Ex, 2. The absolute pressure of steam in a boiler being 
95 lbs. per square inch, and the steam containing 10 per cent, of 
water, find the total heat of evaporation from water at no® F. 

By Ex. I we see that — 

Total heat of formation from iio^F. = 118071 — (no — 32) 

= 110271 
Latent heat of evaporation = 110271 — (323*83 — no) 

= SSS-SS 

/. heat required = 213-83 + — x 888*88 

= IOI3'82 B.T.U. 

Ex, 3. Dry steam is generated in a boiler at 90 lbs. absolute 
pressure from water at 65'' F. What percentage of heat will be 
saved by a feed-water heater which raises the temperature of the 
water to 200° F. ? 

Here temperature of steam = 320*09° F. (by table). 

Heat of formation = 10917 + '305 (320*09 — 32; — 33 

= 1146*57 B.T.U. 

Here the heater saves 200 — 65, or 135 thermal units, and, 

. , 13s 

required percentage = - — ^—r x 100 

= 1178 

Ex. 4. One pound of coal (a) evaporated 9 lbs. of water at 
324® F. from water at 60° F., while i lb. of coal (b) evaporated 
8^ lbs. of water at 350° F. from water at 104° F. The steam 
produced by coal (a) had 10 per cent, of water, while that from 
coal (b) had 5 ^i cent, of water : coiapaie \!cifc e^^^TaioN^ 
powers of (a) a, d (b) under these condvUotvs. 
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For (a), heat of formation = 26*4 + j X 1 15276 

= 1063-89 B.T.U. 

For (b), heat of formation = -— (350 — 104) + — - x iii6- 
^ '' 100 ^"^^ ^' 100 

= 1073*16 B.T.U. 

T> • J ^- 9 X 106389 

Required ratio = 85 x 107316 = ^'^^Q 

or, (a) is nearly 5 per cent, more effective than (b). 

Ex, 5. In a trial of an engine making 20 revolutions 
minute, and indicating 7S-H.P., the absolute pressure in 
boiler was 62 lbs. per square inch; the weight of steam and w; 
passing into the cylinder per stroke was '52 lb., of which '013 
was priming water ; the weight of steam condensed in the jac 
was '06 lb. per stroke ; and the temperature of the feed-w 
was 85*5® F. Find the number of thermal units taken f 
the boiler per stroke, and the efficiency of the engine, neglec 
any change in the specific heat of water. 

Temperature of steam at 62 lbs. = 294*64° 

H = 10917 + -305 (294-64 - 32) - 53-3 

= 1118-31 B.T.U. 

L = 966 — '7 (294*64 — 212) 

= 908*15 B.T.U. 
i^' = 294-64 — 85*5 = 209*14 B.T.U. 

Weight of steam passing into the cylinder per stroke 

= -52 - -013 = -507 lb. 
Total heat per stroke = *5o7 h + *o6 l + '013 /;' 

= 624*19 B.T.U. 

75 X 33000 
Useful work per stroke = -; — ^ ,^^ = 80*14 
^ 40 X 772 

80*14 
Efficiency = g— — = *i284. 

7. Internal and external work, — The next point i 
measure the mteTnai axv^ e^\.e^waS. ^os^ ^<5>\s& es^55^ssJ^ the 
or partial evapoxauon oi ^ m^s.% oi>«^\.'^x*m\.^ ^\r«ss^. 



Internal and External Work. 1 1 

It has been explained that in the case of a perfect gas there 
KJsts the relation 

"=/(',»■ 

Where, however, the substance is found in two physical states 
the same space, as in a mixture of steam and water, the pressure 
\ will depend on the temperature, and we shall have 

J5 = *(/). 

In such a case, it will be necessary to introduce a new variable 
order to determine v. 
Thus, let o- = volume of ilb. of water 
^ -016 cub. ft. very nearly, 
V ^ specific volume of dry steam, 
1/ = volume of a mixture of steam and water. 



Jso, let the mixture in question contain x parts of steam and 
-«) parts of water. 

Then»' = WA'+(r(i-ar)={i'-o-)a--(-cT. 

In this equation wando-are functions of /; whence it follows that 
s a function of the independent variables x and t. 
8. To find the internal and external work done during the total 
Yaporation of a quantity of water, we proceed as follows. 
Let a = volume of 1 lb. of water 

= '016 cub, foot, very nearly ; 
then w—ir= increase of volume by evaporation 

lence, external work done in evaporating ilb. of water into s: 
pressure/, and temperature t, 

=p (v—a-), in foot pounds. 
Also, internal work done during the evaporation 
=1.—/ (i'— <t), in foot-pounds. 
where L=latent heat of steam at temperature / 

It is common to employ the symbol p to express the internal ■ 
Irort done during evaporation, whereby 

p= L-/(v-dV 
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As before, let K be the heat expended in raising i lb. < 
from 32® to /. Then, inasmuch as the external work don( 
expansion of water for the temperatures with which we a 
cemed is so small that it may be neglected, we shall treat 
it were all expended in doing internal worl^ and shall emf 
equations — 

Total internal work = ^' + p. 

or = ^' + L -/ (c/— ff). 

But H = L + A' J 

whence total internal work = h — / (e;— a), 
total external work =/ (^— <')• 

9. Taking the formulas 

Total internal work per i lb. of steam = //' + p, 
Total external work =/ (z;— o-), 

we may connect them conveniently by an artifice. 

Thus, assume that p = ^/ (z; — o-), where k is some nun 

be ascertained And in like manner, let h' = kp (v^a). 

If now we set off on the axes o x, oy, the part o a = <r, f( 

of water, and o b = z;, for i lb. of steam at the pressure /, w 

the base of a rectangle which may 

sent the internal work. 

For, drawing b d perpendicular 

M and = kp, and producing b d to 

5r making d e = k'p, and completir 

rectangles a d, a e, we have 
kp 

a E = total mternal work done 

jy taining i lb. of steam at v^li 

j^^ and pressure/. 

P The external work done by this 

of steam in an engine will depend 
manner in which it is applied, but the external work d( 
generating 1 \b. oi ^tt^xsi, o^ volume v and at a constant pi 
_/, may be represetvledXyj el^oC\T^%^^^^T^^^^^\^xiSaa.^u = 
completing t"he leclaxv^^ ^ k, nnVxOcvK'.. ^q^-^x^ ^ V5^-^^, 







Internal and External Work, 1 3 

For convenience, tables of the values of k and k are given at 
intervals of temperature corresponding to 25°, and the corre- 
sponding pressures can be taken from Table I. 

As pointed out by Rankine, it appears that approximately 

>&+/^' = 15, in a condensing engine 
^+>^' = 14, in a non-condensing engine. 

If the evaporation be partial, so that for each i lb. of water 
raised from 32° to /, only x lbs. have been evaporated, we have 

Quantity of heat expended =-h' •\-x'u 
Also, since z/ = (z/— cr; ar+cr, 
we have z;' — <r = :r ^—^) > 

,•. external work due to change of volume 

=/ (t/ -<r) 
= px (v - 0-). 

In like manner, total internal work =:A'+px, 

Hence the two equations now are 

External work per i lb. of steam =^px (v—a) 
Internal work „ „ „ -^/I'-^-px, 

Also, since z/—<r = x{v-'<r), 

and px=^ kpx (v—(r), 
we have px=^kjf (v^ —a) ; 
or, external work =/ (z;'— <r) 

internal work -snh' ■\- kp {v' — o-). 

Hence for a mixture of steam and water the rectangles for 
internal work will have the same altitudes as before, but the length 
of the base a b will be z^ — <r instead of z^ — <r. 

10. No substantial progress can be made in this branch of the 
subject until we have ascertained the volume/pf a mass of steam 
when its temperature and pressure are given. 

Table II. gives the volumes in cubic feet of i lb. of dry 
saturated steam at certain definite temperatures and pressures^ 
which are calculated from a formula to \ie %\Ne^ \vfc\^'ai\.^\* ^Vol 
order to make such a table available ior gtbtvet^X cAcn^N.^^^s^-i*'*-' 
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convenient to record the values oi pv and/ {p — or), but insi 
of retaining the symbol/, which is the pressure in pounds on i 
inch, we adopt the symbol p, which stands for the pressur 
pounds on i sq. foot, whereby 

p = 144/. 

It will be seen that the last two columns of the table rec 
the values of p v^ and p (z^ — o-). 

Table IIL gives the values of k and k at temperature 
Fahrenheit's scale for intervals of 25°. 

Ex, I, Find the internal work done during the evaporatio 
I lb. of water into steam at 95 lbs. pressure, and compare it ' 
the external work done by expansion of volume. 

Here f) = l — p (z' — rx). 

Temperature of steam = 32379° F. 

Also, by the tables, we find — 

L = 889*3 — 274 = 886*56 B.T.U. 
P (p—n) = 62175*60 + 165*24 

= 62340*84 ft lbs. 
= 8o*75 B.T.U. 

Whence P= 805*81 b.t.u. 

805*81 

k = -—-— = 9*98. 
«o75 ^ ^ 

Ex, 2. Find the total internal work done during the forma 
of I lb. of dry saturated steam at 95 lbs. pressure from wate: 
100° F. 

Total internal work = p + ^/ — -^'100 

Here /= 323*79° by last example. 
/. hi = 290*3 + 3*87 = 294*17 ij.T.a 

i^jOO = 68 B.T.U. 

Total internal work== 805*81 + 294*17 — 68 

Ex, X. A condetis\xi^-et\^Tvfc ^^qts^tv'^ ^>:^'5f^ ^'»^«»\^^^ 
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17 steam at 65 lbs. absolute pressure, the back pressure is 3 lbs., 
id the temperature of the feed- water is 100® F. : find the effi- 
iency of the steam, its consumption in pounds per H.P. per hour, 
Dd the expenditure of heat per H.P. per minute. 

Temperature of steam at 65 lbs. = 297-61° F. 

Let V = volume of steam at 65 lbs. pressure. 
Then v = 7*0875 — '491 = 6*596 cub. ft. 

Jffective work per 1 = 144 (65 — 3) z' 
lb. of steam j = 58889*09 ft lbs. 

H = 1171-3 + 1*434 = II72734 B.T.U. 

h\QQ = 68 B.T.U. 

Expenditure of heat ") , , 

per lb. of steam j = h - >i'ioo = i io473 b.t.u. 

;, . __ effective work 

^ ~ expenditure of heat 

58889*09 

""1104*73 X 772 
= '069. 

Expenditure of heat per H,P. per minute 

33000 
= 5~8889^ ^ "°473 

= 619*06 B.T.U. 

Consumption of steam per H.P. per hour 

33000 



~ 58889*09 
= 33*62 lbs. 



X 60 



Ex. 4. Performance of a non-expansive and non-condensing 

ingine. 

Data, Back pressure = 16 lbs. (absolute) 

Temperature of feed- water = 212® F. 

In the tabulated result the first row o{ fvg;eLie^ \s ^o^'t^ <^nsX^ 
"Jdthe rest will form an exercise for the sVudent. 
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Abs. press, 
in pounds 


Effective work 
in B.T.U. 


Ponnds of 

steam per 

H.P. per hour 


Heat expended in B.T.U. 


Efficiency 


Per pound of 
steam 


Per H.P. per 
minute 


150 
100 

50 


74*63 
68-27 

53-35 


34*36 

37*57 
48-08 


1010-67 

1001-35 

987*12 


57878 
627*01 
791*01 


•0738 
*o682 

•0540 



Taking the letter p to indicate pressure in pounds per square foot 
we have — 



Effective work per lb. 
of steam 



j = (p - ^^v 

= 144 (150 — 16) 2-986 
= 57617-86 ft lbs. 
= 74'63 B.T.U, 

Consumption of steam 1 33000 x 60 

per H.P. per hour J 57617*86 



= 34*36 lbs. 



Temperature of steam at 150 lbs = 358*143° 

H = 1190-5 + -666 = 1191-166 
h 212 = 180*5. 

Heat expended per lb. 1 , , ^ 

of steam / = "9i-i66 - 180-5 = 1010-67 b.t.u. 

Heat expended per \ 34*36 
H.P. per minute / = "65" ^ '°'^*^7 

= 57878 B.T.U. 

_,«. . Effective work 

Efficiency = fr — i j-^ 

-^ Heat expended 

_ 74*63 
1010*67 

= -0738. 

Ex, 5. Performance of a non-expansive condensing engine* 
Data, B^lcVl pressure = 3 lbs. 



Examples. 



1/ 



Abs. press. 

in pounds 

per sq. inch 


EffectiveWork 
in B.T.U. 


Pounds of 

Steam per 

H.P. per hotir 


Heat expended in B.T.U. 


1 


Per pound of 
Steam 


Per H.P. per 

minute 


Efficiency 


80 
40 
20 . 


77-16 

71-I 

62-75 


3324 
36-07 

40-87 


1105-04 

1091-43 
1079-45 


6L2-2 

656-13 

735*29 


•0698 
•0651 
•0581 



Taking the steam pressure at 80 lbs. (absolute), we have 

Effective work = 144 (80 — 3) x 5 '37 21 

= 59565*84 ft.-lbs. 
= 77'i6 ax.u. 

Weight of steam per 1 ^ 33 000 x 60 _ 

H.P. per hour / - "59565-84 " '^^'^^ 

Also temperature of steam at 80 lbs. = 3ii'8® F. 

.•. H= 1176-8 + -24 = 1177*04 B.T.U. 
^jQ4= 72 B.T.U. 
/. H — >^'i04 = 1105*04 RT.U. 



Heat expended 
per H.P. per minute 



}XV2/L 
= '^^ X 1105*04 = 6i2-2 B.T.U. 



Efficiency = ^^^ = -6698. 

As regards the heat passing into the condenser we have the 
following table : — 



Abs. press, of 
Steam 


Heat rejected 


Pounds of Condensation Water 


B.T.U. 

per pound 


B.T.U. per H.P. 
per. hoar 


Per pound of 
Steam 


P er H P. per 

minute 


80 

40 
20 


1027-88 
1020-33 
IOI6-7 


34167 
36803 

41552 


20-55 
20-41 

20-33 


11-39 
12-27 

13-85 



The student will remember that the engine performs work, 
and that the heat which does tins wort ^atss^^ ^w^ ^>5^^\^ 
entering the condenser. 



HencEj we have 
Heal rejected in b.t.u, pei 
of steam 
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110504 — 77'i6 = loay'S 



Heat rejected per H.P 
hour 


-"}: 


1027-88 X weight 
used per hoii 
1027-88 X 33-24 

34167 E.T.U. 


of stean, 


Pounds of condensation water 1 _ 
per pound of steam j ~ 


104-54 =3 


s. 


Pounds of condensation 
per H.P. per minute 


"•"}: 


-55 x^* 

11-39 lbs. 




II. Specific heat.— It has been stated that quantities of heat 

.-ire measured either in thermal units or \n foot-pounds and that the 
specific heat of water at its maximum density 


or 


= 772, 


n thermal units, 
n foot-pounds. 




la the former treatise 


we found chat 


1 


Specific heat of air 


t a constant pressure = '238 
„ constant volume = '169 





In this case the unit is a thermal unit, and we shall adopt the 
notation c, and <:„ to express the specific heal of gas, such as air 
or steam, at a constant pressure and constant volume respectiveij', 
when expressed in foot-pounds. J^H 

Thus, for air, Cf = 772 x -238 = 183-7 foot-pounds, ^^M 

C = 772 X -169 = 130-4 foot-pounds. ^^M 

12. We may deduce the values of C, and C, fi^om the general 
equation, as follows ; — 

I^t a quantity of air have a pressure /, temperature /, and 
volume V, and let dp, dt, dv be the corresponding increments ol 
/, t, V when the air receives a small increase of heat, viz. dq. 

Taking the general equation i/y = £/u-Hi/w, we observe that 
i}j=sCdt, and dvi=pdv ^^ 

.■. dq = (L^dt -^pd':: ^^| 
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But pv=^Kt; 

/. pdv-^vdp=iKdt; 

.-. dq = {z,-\'K) dt — vdp. 

If dp = o, we have dq = c^ ///. 

Hence c^+r = (^ 

(G?r. — Kdt = o, //^ ^^pdvy or the whole heat imparted during 
isothermal expansion is converted into external work. In like 
(manner, if a gas be compressed at a constant temperature the 
whole work expended on Uie gas must be abstracted in the form 
of heat. 
^ 13. We proceed to determine the numerical values of c^ and Zp 
I for air. 

' By experiment it is shown that in the case of air at 32° F., or 

► at an absolute temperature of 492*6 

pv =^ 26214 foot-pounds 
= RX 492*6. 

Whence r = — ^l"^ = 53*2. 

492*6 

Also it has been shown that 

5^=1-408; 

whence c^— c^ = c^ x '408, 
But c^-c^=R = 53*2; 
.-. c^x*4o8 -53-2 

/. c^ = 130*4 foot-pounds ; 
Cp = 130*4-1-53*2 =183*6 foot-pounds ; 

which agree very closely with the previous values. 

14. Internal and external work done in heating air. 

— Let a mass of air at volume z/,, pressure/, and temperature /j 
be heated so as to reach the volume v^ and temperature /g* the 
pressure remaining constant, and let it be required to find the 
external and interna! work done, and also their ratio. 

Proceeding as in art. 9, and drawing rectangles as in fig. 3. 
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LetOE = z/j, 0D = z/2> h^=^f. 

Then, external work done z=z p (v^—Vi) = area ad. 

But/z/i = R^i 

.*. External work done = r (/j— /i) 

= 53*2 (/2-/,). 
Also internal work = c^ (/a— ^i) 

= (c^-R)(/3-/,) 
= area e f, suppos 
. , internal work __ (c^— r) (/a-A ) 
external work r (/j— /i) 

R 

= 2*45 nearly, 
__ area ad 
"" area e f* 

15. Specific heat of steam. — Let dry saturated steam 
superheated and expand as a perfect gas. 

For air / z; = R A 
For steam / z/ = r' / ; 

V R 




Fig. 4. 



V 
V 



R' 



But -r — -622 

V 



vl = 



R _53'2_o..- 
•622 -622 ^ 



Also experiments give 



c^ = 370*56 foot-pounds, 
whence c^ ^ 285*03 foot-pounds. 

c 

It follows that -^ = 1*3, whence the adiabatic curve for 1 



"V 



expansion of superheated steam is 

p v^'^ = c. 

16. Expansion curves of air and steam.— At thisst 
it may be coiwemeivx. Vo ^Y.^\civx\^ \!fv^ '&ks«ss. xjarticularity 
expansion curves oi ^vc ^^^ ^\.^^\xv \ixs.^^x ^^^s^x^c^. ^^^s^^^sa 
^ere are ceitam pxim^x^ ioxx^'s., ^VxOe. ^x-^icc. ^ssss^^ ^ 
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^proximately in practice, and which are important as giving 
e curved outline of one side of the diagram of work done in a 
5at engine. At present we only point out what would happen if 
ich diagrams were obtainable. 

As to the notation employed, let v be the volume of a unit of 
eight of the substance at the pressure /. 

The unit of pressure is always taken to be one pound, unless 
le contrary be expressed, and c has different values in the several 
ises. 

(i) There is hyberbolic expansion, given by the equation — 

pv — c, 

hich follows from Boyle's law, and was assumed by Watt as 
igulating approximately the expansion of steam in an engine, 
s we have seen, this equation represents a hyperbola whose 
Jymptotes are at right angles. 

(2) In the case of heated air doing work behind the piston of 
n air engine, there is the curve of adiabatic expansion, following 
om the laws of Boyle and Charles and given by the equation 

This curve has been drawn out roughly in the Text-book, and 
isembles the hyperbola in its general character. 

(3) In the case of superheated steam raised to such a tem- 
erature that it does not fall to the point of saturation during the 
mansion we have the curve 

(4) In the case of dry saturated steam, supposed to vary its 
eat so as to remain always dry and saturated, an approximate 
)rm of the curve of expansion is given by an equation adopted 
y Rankine, viz. 

It will be understood that this equation for the expansion curve 
empirical. It is not deducible from any general law, but is the 
jsult of laborious computation. 

(5) The curve of adiabatic expansioxv oi ^aXM\^<^^ ^xrosbl >& 
nsidered to be given approximately by iScift e!C3^"a3asstk 



r 






1 
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Ex. 6. The volume of i lb. of saturated sieam at a pressa 
of 60-4 lbs. per sq. in. is 6-992 cubic feet. Find its pressure aJ 
expanding five times : (i) According to the law of expansion 
saiurated steam ; {2) according to the adiabatic law ; (3)accat 
ing to the law for a perfect gas. 




(0 


Piv^ =/>,»,"■ 








Here ^~=\. andj», 


= 6o'4 






.•...= ..oS©* 


= io'924 J 




(>) 


A",'"" =(,',"" 








whence/, = ia-o8 {~A 


= 97218 1 




<3) 


/.V =/>,.■,'■• 


1 






whence ^2 = 6°'4 [-) 


= 7 '45 34- 



■ Area of the expansion curve. — Inasmuch as al' 
the above formula are comprised in the 
general equation 

p'^ = c, or^ya;* = .-, 

where x and y are rectangular co-ordi- 
nates, we shall proceed to find the arei 
of a portion of this curve, as bounded by 
rectangular co-ordinates. Thus, let PC 
represent the expansion cur^'e, 3^ 0/. 



ii'g the rectangular co-ordinate axes, 
'lake a point, p, in the curve, and let C 



■, Np=_f, tben 



-V--W 



k 
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Let pi be the value oiy when x^a, 
/a „ y ^^ x=zd, 

Then/i a = ^a'"", A^^ = ^<J"*. 

... area ^Pj±^lM, 
« — I 

C^r. — If « = I, the formula fails, and in that case, 
area = \ydx = I ^ ^ = ^log^ + c. 

Taking the integral between the limits ^ = a, and ^ = ^, we have. 

Area = ^{ log ^ — log a} =^log-. 

18. Work done during the expansion of a gas— It 
remains to find an expression for the 
work done in a heat engine where the ^ 
expansion proceeds according to the 
law/z'^ =^. 

Let the piston move through om 
= fl, under the constant pressure /i, 
and suppose the gas to expand ac- 
cording to the above law along the 
curve A B. 

Let o M = tf , o N = ^, 

MA=/i, NB =/2, 

Then work done =/. a +/l?_IlM 

« — I 

L «— I b « — I J 

Let?-=i.; then work done = ^1 _ A ^ _ , A, 1 
or lr{n — 1) n — I } 

If/^ = mean pressure, we have work done =^p^b ; 




N ^ 



••./ 






2 



r{n — i) n —1' 



In the particular case of hyperboUc ex^^xv€\oxv, ^\\Kt^ '^'Si 
vneml formula fails, we have, 
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Work done =/ia+r log -, and/ia=r ; 

a 

.*. Work done =/i« ^ i + log - \ 

=/i« {i+logr} 

=^{i+logr}. 

Let/^ be the mean pressure, then work done =^pj^ ; 

.•./-^ = ^{i+logr}. 

or/«= ^{i + logrl. 

In applying these formula, it may be convenient to adopt 
notation that a gas whose pressure is pi and volume Vi expand 
XI pressure /a and volume v^* In such a case 

work done = ^2^2 {i +log r}t 
or =/iZ^i {i+logr}. 

Referring to the Text-book, we find 

work done in hyperbolic expansion of steam 



=^^{x+l0gK}. 



This is the same formula as that investigated above, for b = 

/ =/ii E = - = r, and a /is the same as Vy - =z/i e. 
a a 

.\ Work done =M^ | i +log e j 
= ^1^1 {i+logr}. 

It must be borne in mind that a back pressure (which call 
usually detracts from the efficiency of the engine. 

Then work lost by back pressure =/d^2 =^ x p2^'''i 

Pi 

•\ Work done=/22'2 \ i -^ log r— ^ L 
ox =l)v'U\V^'V\o%r-^A. 
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19. In applying the formula in the last article to the er- 
(olic expansion of steam, the successive steps in the calculation 
re brought together, and we shall verify the figures in the first 
ine of the following table, leaving the rest as an exercise for the 
tudent. 

Data, — 

Initial pressure of steam =100 lbs. per sq. in. (absolute). 
Back pressure = 3 lbs. 
Temperature of feed- water = 104° F. 

Steam supposed to be dry at end of stroke. 

In complete expansion the steam expands to back i^ressure. 



Rate of 
expansion 


Effective 
work per 
lb. steam 
in B.T.U. 


Pounds of steam per H.P. per hour 


Heai ex- 
pended per 
H.P. per 
minute 


E(Cciency 


Cylinder 


Jacket 


Equivalent 
steam from 
feed-water 


Total 


^ = 3 
r = 6 
r « 9 
r =12 

Complete 


155-3 
194-2 
213-8 
219*8 

231*3 


i6-5 
13-2 

12 'O 
117 
ii-i 


I -18 

1*49 
1*64 

1*73 
2*19 


*94 
1*19 

1-31 
1*38 
1*74 


17*44 
14*39 

13*31 
13*08 
1284 


322 5 
266*1 

245*9 
241-4 

237*4 


•132 
•161 

*I74 
•177 

•180 



In the case of jacket steam it is to be remembered that the 
steam after condensation is taken as returned to the boiler in the 
form of water at boiler temperature. It follows that the heat 
expended in the jacket is less than the total heat of formation by 
the amount of heat required to raise the temperature of the feed- 
water to that of the boiler. Hence the amount of steam con- 
sumed in the jacket must be reduced so as to correspond with 
the amount which would have been produced from the heat given 
up in the jacket, if the same had been supplied directly to the 
feed-water. 

As before (Art. 10) the letter P will indicate pressure in pounds 
per square foot. 

Taking the formula, work done 



= P2 z/2 s I + log r — ^ > ; we have, 



Effective work per lb. | ___ 144 100 



= — ^ X 



of steam in b,t,u, j 772 



Xt),{^^4,v^C»'i>^-^^ 
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Also, v^ al — lbs. = 13*5067 — i'o682 

3 

= 12*4385 cubic feet 

,•. effective work = 155*3 b.t.u. 

Weight of working steam "[ __ 33000 x 60 6- Ih 

per H.P. per hour J 155*3 x 772 " 

Also, let X = weight of jacket-steam used per H.P. per hour, 
then jc L is the heat required to evaporate x lbs. of steam from 
the temperature of the boiler. 

The effect of the jacket-steam, so far as we are concemed 
with it, is to render the outline of the expansion curve an ordinary 
hyperbola. Another thing which we know definitely is the 
volume and pressure of the steam before expansion, and also / 
after expansion. Hence we have from first principles the follow- r 
ing equations, the quantities of heat being expressed in thermal f * 
units, 

(Hi - H2) X i6*5 -f ^L=: (Pm - Pa) X ^ x 165. 

772 

Also, from the table, 

temperature of steam at beginning of stroke = 327°*55 F. 
» „ end „ =255**-86R 

whence Hj = 1181-85 b.t.u. 

H2i= 1159*957 B.T.U. 

L = 889-2 - 5-4557 

= 883-7443 B.T.U. 



P^ = X44X/.{i+iOr-} 



= 144 A 69-953 lbs. 
Substituting, we find a: = 1*177 lbs. 
Also, -^'104 = 72 .*. Hi — >4',04 = 1109*85 

.*. Heat expended 1 i f o v -t , 00 I 

TTr» r=z-^ 1109-85 X 16-5 -f 1*177 X 883-744? 

perH.P.permm. J 60 1 ^ ^ '' "'J 

= 322-547 B.T.U. 

Effective work 



Efficiency = 



Heat expended 

i^S'3 X 16-5 
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Jacket-steam per H.P. per hour in") __ 1*177 x 883744 
pounds of steam fh>m feed- water 5 1109*85 

«'937 

Total weight of steam 1 ^ 16c + -0^7 
per H.P. per hour J ^ ^ ^ ^^5/ 

« 17-437 lbs. 

20. Internal and external work done during the 
ezpaosion of air. — ^The expansion of air according to the 
^eqoation 

will occur when heat is added to or taken from the mass of air 
according to circumstances. Taking this law of expansion, let/j, 
^1 >^i»/2> ^a> ^%} be the initial and final values of/, v, t 

Then external work done in expansion =5 /2^2-"/i^i 

i—n 

But /a ^2 = R^2> P\ ^1 =■ ^^1 > 

/• External work = —L^JI—i^ 

I — « 

Also, internal work = c^ (^2 — ^i)> 
and c^ = c^— R, y = ^ 



^t/ ^v 



Internal work 



• • 



= c, (/,_/,) ^M^ii:^=Lzi'. 



hen, 



External work i— « y— i 

For convenience, let internal work = I, external work = E, 

I I — « 



E y — I 



In this formula y is always greater than unity, and n may have 
values which we now discuss. 

Let « be < I, then I is positive, 
Let « be > i, then I is negative. 

J£ I be positive, we infer that additional Veal tavisXXi^^NiJ^s^' 
order that internal work may be dotvfe u^xi ^<^ ^>"^!?o«2i^ 
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I be negative, we infer that the internal work is in excess, and 
that a demand of some sort may be made upon it. 

In order to obtain a clear insight into the matter, it will be 
convenient to refer to the following diagrams, where a a' is the 
boundary line of the diagram of external w:ork, and d d' is the 
boundary line of the diagram of internal work, whereby aa' b'b 
Represents external work done, and d d' b' b represents internal 
work. 






Fig. 7. 

(i) Let « be < i, then I is positive, and must be added toE, 
whence the shaded area a a' d' d in diagram (i) represents the 
whole heat required in order to obtain the expansion curve 

pro^ = C, 

(2) Let « be > i, but < y. 

Then - is negative, and is a proper fraction ; 

or, the external work is greater than the internal work, />., the 
area a a' b b' is greater than the area d d' b' b, whence the shaded 
area in diagram (2) represents the amount of heat which must be 
supplied to produce the expansion curve. 

(3) Let « be > I and > y. 

Then - is negative, and is an improper fraction. 

Jt follows l\\aX l\ve ^\vaAfc^ ^x^^ vcs. ^vi.^a.m (3) now represents 
an amount of Yieat, vA\\c)tv xwa^x. \i^ x.-^^xv ^^-ac^ xsn. ^^^ \^ ^ 
duce the expansiotv cuxve. 
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(4) If « rsy = 1-408, we have E = — I, which is the well- 
Jiown case of adiabatic expansion, where the external work is 
ierived from the intrinsic energy of the air, and no heat passes in 
Mr out by the ordinary processes of conduction or radiation. 

21. We are now in a position to determine generally whether 
heat must be imparted or taken away in order to produce any 
given expansion curve of air. 

In the diagram let p a represent the curve of isothermal or 
hyperbolic expansion, and p b the adiabatic curve. • 

For PA we have/z; = ^, where « = i, 
„ p B „ pif* = Cy where « = y = 1*408. 

(i) When p B is the expansion y 
<^urve, no heat is supplied to the air. 

(2) When p A is the expansion 
-urve, an amount of heat = p a m n 
nust be supplied. 

(3) For expansion curves between 
* A, p B, an amount of heat less than 
' A M N must be added. 

(4) For expansion curves above 
' A, an amount of heat in excess of p a m n must be imparted. 

(5) For expansion curves below p b, heat must be taken away. 
For example, it is usually considered that in the mixture of 

;as and air supplied to a gas engine the ratio of the specific heats 

==^ I '37. 

In the Lenoir engine, according to Tresca, the expansion 

•Urve is 

Here n is greater than the ratio of the specific heats, and it 
ollows that heat must be abstracted, which is done by the water 
acket. 

In the Otto engine, according to Slaby, the expansion curve is 

p V '"37 = c, 

vhich in this case is the adiabatic curve iot >i!tv^ mvxJoax^, 'XN^ 

ppears to show that combustion goes ot\ dxvniv^ ^^^^xv^vcixv* 

c c *i 




Fig. 8. 
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22. We may put the heat expended in another form vi 
the aid of a diagram, as follow^ : 

Internal work = c^ (/g— /i) 

y— I 
y-I 

Then heat imparted = internal work + external 

^/ilViAz^^ external w 
7-1 

If heat imparted = o, we have 

External work=-^^ ^'^^-^^^^ 

y-i 

which accords with the formula in Art. 17. 

23. Absolute scale of temperature.— Hitherto, in 

mometers for measuring temperature, the nature of the su 
employed, such as alcohol, mercury, or air, necessitates ( 
scales for each degree of temperature — one scale for 
another for mercury, and so on. It is, however, possible tc 
a method of graduation of a thermometer which shall 1 
pendent of the substance employed, and this was first < 
Sir W. Thomson. It happens that the scale so selectee 
nearly coincident with that of an ordinary air thermomete 
is proper to point out that in the present state of our knov 
is not practically available. 

Referring to the diagram of energy in a heat engine, let < 
N A =/, and let t be the temperature of the gas at the pc 

Let AS, B R be two adiabatics, 
A B, D c two isothermals. 

Also let H = heat taken in expanding through a b at t 

pexaX-VJite t. 
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Then 5 = ^ (Art. 57, Text-book.) 
Also area A BCD = H — ^ = h (i — j. 

XT 

If T —/ = i, we have area ABC D= -. 

T 



to say, — represents the 

le in a perfect engine work- 
sen the temperatures t and 
d taking in a quantity of 
t the temperature t. 
ke manner, if we draw 
isothermal e f, and take 
) represent the diagram 
1 in a perfect engine work- 
ireen the temperatures / 
, we have 






N" 



X 



Fig. 9. 



area dcef =-. 

H h 
t has been shown that - = - : hence if a d, d f, &c., each 

T / 

tid to inter\'als of i degree of absolute temperature, the 

e amounts of work done, or the areas a b c d, dcef, &c., 

*verally equal to each other. 

equation —=— also shows that the colder the refrigerator 

er the proportion of the heat, h, which the engine can 
nto work. It is only when the temperature of the re- 
• sinks to the zero point that the engine can convert the 
at into work, and it thus becomes evident that the abso- 
' of temperature may be defined with reference to the 
nee of a perfect engine capable of converting all the 
ting in a substance into work. 

? Text-book we obtained the zeio o^ ^o-csiJ^fe^'' ^^'^^n^^^ 
re ' by supposing that the las<i ol coTv\.T^c!C\Qts. ^S. ^^^^"^^ 
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j^^^Oling obtained until the limit when the gas was deprived of the , 
whole of its heat. 

We are now, as stated by Mr. Maxwell, enabled to reckon 
temperature from a zero point defined on thermodynamic 
principles independently of the properties of a selected substance. 

What we say is that in a reversible or perfect engine the ratio 
of the heat received to the heat rejected is that of the numbers 
expressing on an absolute scale the temperatures of the source of 
heat and of the refrigerator, or in other words ; — 

The absolute values of two temperatures are to one another in 
the proportion of the heat taken in to the heat rejected in a perfecl 
engine working with a source of heat at the higher temperature, 
and a refrigerator at the lower temperature. 

An absolute scale so selected differs but slightly from thai 
of the ordinary air thermometer. 

24. Whatever be the temperature of a substance, it can always 
be brought to a temperature t by adiabatic expansion or com- 
pression, and can then be brought to a state represented by tiie 
position of D by taking in or giving out heat at a temperature t, 
I and if this operation be performed the ratio 



L to C 

K 



- will be constant for every position of D in the curve a s. 

The ratio ~ is termed the entropy of the subsmnce, because 

it indicates a quality of the substance with reference to the 
transformation of heat into work, and the word isentropie is used 
as synonomous with adiabatic. It is usual to represent the 
entropy of a substance by the symbol 1^. 

Where 1^ is constant the transformation of heat into work can 
only occur in one way — viz., by adiabatic expansion. Also when 
a substance has completed a reversible cycle d<^ = o, or the 
entropy is the same as it was originally. 

We yiass on to discuss the method of tabulating the volume 
of a given weight (say, one pound) of steam at any given teo- 
jjerature and pressure, and it may be useful in the first instance 
to call attention to t\\e matvtiet to \»\\\c4> \bie density of gas is 
imated. 
.5. Comparison oS det.s.\tvts.-A^ ^^^^>..^-.v^*«.^ 
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of gases, we take the density of dry air at a given pressure and tem- 
perature as unity, and proceed as follows, adopting the well-known 
formulae 

/ = ^p (i + a/) for dry air, 

p=ifjL p' (i + at) for gas (a). 



Then 


^ P = ^'p'- 




p' / 

L = '^ = D, suppose 

p ^ 


'I'hus the density of dry air = i 
„ „ oxygen =1-1056 
„ „ hydrogen = -0692 
„ „ nitrogens: -9713 
„ „ chlorine = 2*4502 


i so for other gases. 

According to this measure, we have 

Density of dry saturated steam = -622. 



The density of dry saturated steam may also be determmed 
from the following empirical formulae, the first of which is due to 
Fairbaim : — 

389 



(X) 
(2) 



z;=-4i + 



/+ '35 



(Fairbaim) 



1 7 
/z;T(r = 475 



where/ is given in pounds per sq. inch. 

Clausius has obtained a formula for computing the density of 
Jteam at different temperatures, from which the following results 
ire arrived at : — 



D 



o«> C. 


50° c. 


100° c. 


150° c. 


200" C. 


•622 


•631 


•645 


•666 


•698 



26. We proceed to apply the principles laid down in previous 
trticles in order to calculate the density of saturated steam at a 
iven volume and pressure. In the case o^ ?»^.\MT^\i^^ 'sXKasa.^'Cisx^ 
othermal lines are horizontal, and tVve q;aaiv\AJcj ol\\fc^\. xviw^xx^^ 
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to evaporate ilb. of water into steam at a given temperature is 
known from Regnault's formula. 

27. Calculation of the density of steam.— Let l be the 

latent heat of evaporation at temperature /. 

Also, let o- cubic feet of water become v cubic feet of steam at 
a pressure/ and temperature /. 

Let o Jp, o^ be lines of volume 
and pressure such that o N:^f7, a n 
=/. 

Draw A B, D c two isothermals, 
at temperatures / and /— ^, re- 
spectively. 

Further, draw the adiabatics as, 
Bli through A and b. 

Let q be the quantity (^ heit 
absorbed in passing from a to b ; 
then AB is horizontal and repre- 
sents the increase of volume in passing from a to b. It follows 
that 

, w AB 
^ = LX 

V — fT 




N 



Fig. 10. 



Now, by theory 



Also dq = area abcds=abx dp, 
dq 



/. a b X ^/ = 



dt . dt 

j,OTdq^q X—; 

LXAB /// 



Hence 



jj. L ^df 
or dp = X —-. 

h^dt 
z/— <r = -x ■-: 

/ dp' 



which gives the volume of a given weight of steam in terms oft 
/, and L. 
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^/ __ increment of heat 
/ total heat 

increment of work 



total work in evaporation 

_ <//(y--<r) 
L 

Is the same result as before. 

king the formula z; — <r = - x --, let it be required to 

/ dp 

e volume of one pound of steam, in cubic feet, at a pressure 

bs. per sq. inch. 

re/ = 90, /= (320 + 460-6) Fahrt very nearly. Now 

• are in cubic feet, / is in absolute temperature, and / must 

ressed in pounds per square foot, also l must be expressed in 

»unds, and not in thermal units. 

nee the value of <// in the tables should be multiplied by 

id the recorded value of l should be multiplied by 772. 

is being done, we have 

L = 889-3x772, 
dp = 1-273 X i44> ^^ = i> 



^-^^ ^^•3 X 772 



X 



7806 1*273 X 144 

= 47978 cubic feet 
/, V = 47978 + -016 = 4*8138 cubic feet, 

agrees very closely with the tabulated value. The student 

d that 

rbaim's formula gives, z; = 4-716 cubic feet; and the 



yci 



{pv^-=. 4751 gives, v = .4-786 cubic feet. 



Trials of engines. — ^The following results are taken 
paper by Mr. Mair, on the * Independent Testing of Steam 
is,' published in Proc. Inst. Civ. Eng. for 1882. 
king the case of a compound cylmd^t ^w%\3aft^ b^ Swas^opx 
having high and low pressure cy\mdet^ dl ^\^TA'>JiNsw^^^s» 
r and si feet stroke, with an mteim^dA^X.^ \^^€\n^x ^asv^ ' 



36 The Steam Engine, 

jet condenser. The general method adopted will be appare 
from the investigation, and as to the indicator diagrams, th 
were taken every fifteen or twenty minutes, the results beii 
compared so as to obtain mean diagrams, wherein the points 
cut off and the pressures of admission and exhaust were careful 
determined, the areas being read off by the planimeter. 

Data, Boiler pressure = 76 lbs. (absolute.) 

Temperature of steam = 307*5** F. 
Time of trial = 6 hours. 
Total number of revolutions = 8,632. 
Number per minute = 23*98. 
Number of strokes per minute = 47*96. 
Temperature of injection water = 50® F. 
Temperature of discharge = 73*4° F. 
Amount of feed- water = 12,032 lbs. 
Feed per stroke = '69694 lbs. 
Air pump discharge per stroke = 25*558 lbs. 
Water drained from jackets = 1,605 lbs. 
Mean atmospheric pressure = 14 "85 lbs. 
Ratio of expansion =13-61. 
Indicated H.P. = 127*4. 

Total H.P. (measured to line of pressure 

due to temperature of condenser) = 138*3. 
Loss per cent, from back pressure = 7*9. 
Volume of high pressure cylinder = 13*02 cubic ft. 

Clearance to same = '2151 cubic ft 
Volume of low pressure cylinder = 38*66 cubic ft 

Clearance to same = i '035 cubic ft 

Let M = amount of dry steam passing through engine per stroki 
Mp = priming water. 
M,- =: effective condensation in jackets per stroke. 

Now, water drained from jackets = 1,605 lbs., and, froi 
comparison with tesAAls \5^ ISaxw ^xvd otKers, it has been assum*. 
by Mr. Mair that lYvete '\^ ^ ^^^ ^^"^- ^^ ^i\\svY^V^^^ "^"^ ^ 
steam supplied by the boWexs. 
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On this assumption, 

M, = -9i X ^ = -08925 lbs 
^ 100 17264 

next, to find m and Mp, we proceed as follows : — 

Feed to boilers during trial = 12032 lbs. 

Feed per stroke = 1^5|? = -69694 lbs. 

17264 

But the average boiler delivery = average boiler feed. 

.•. M + Mp + M^ = -69694 lbs. 
or, M + Mp = -69694 — -08925 = -60768 lbs. 

As before, we make the assumption that Mp is 4 per cent, of 

M + Mp. 

/. Mp = -i- X -60768 = -02430 lbs. 
100 

M = -6078 — -02430 = '58338 lbs. 

Let Q = quantity of heat (in thermal units) passing through 
the engine per stroke, supposing the supply of water from which. 
the steam is produced to have been at 32° F. 

Then, q == m h + Mp>^ + m l. 

where h = 1175-97 from table by interpolation. ' 

h = 278-28 „ „ 

L = 902-2 „ „ 

whence q= -58338 x 1175-97 + -02430 x 278*28. 

+ -08925 X 897-69. 
= 686-04 + 6-76 + 80-12. 
= 772-92. 
Again, let Qi •= quantity of heat passing off in the air-pump^ 

discharge. 

Inasmuch as the feed is taken from the hot well at the 
temperature of the air-pump discharge, we are really concerned 
with the value of Q — Qi, where 

Q, = (m + Mp) (73-4 - 32). 
= -60768 X 41-4. 

= 25-158. 

/. Q - Q, = 772-91 - 25-158 = n/vrn^'^- 
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Also, thermal units consumed per I.H.P. pet minutfc, as 
calculated from the temperature of the air-pump discharge 

_ 747752 X 47*96 
127-4 

= 281-5. 

Again, let the coal be estimated (as was the feet) to yield 
11,000 thermal units per pound when burnt, then 
Number of pounds of coal per one H.P. per hour 

— 281-5 X 60 
1 1 000 

= 1-53 lbs. 

Actual efficiency = — ^ — - — 

772 X 281*5 

= -152 

Comparing this result with the performance of a perfect heat 
engine working between the temperatures of the boiler and the air- 
pump discharge, or between 307-5° F. and 73*4° F., we have 



Theoretical eflBciency = ^ — — 

307*5 + 46< 



_ 2341 
753*5 
= •311 

Whence the actual efficiency is 48 per cent of the theoretical 
efficiency, the more accurate result being 48*4 per cent 

There remains a comparison between the amount of steam as 
shown by the indicator diagrams and that already estimated as 
having passed through the engine during each stroke. 

The mean indicator diagram is set out in fig. 11, and we pur- 
pose examining the high pressure diagram with a view of estimating 
the quantity of steam which has been condensed into water at 
admission, so far as the data at our disposal enable us to infer this 
amount. Take the pomt 'b Vc\fc\e. \Je^^ ^\.^?yxxv \^ cut off, and where 

^ = 64 lbs. * ^ 

The volume of sieam at tVv^ ^^vevt \^ x.^^x.x^\.^ a.,v.xc^^ 
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feet, this number being deduced from the dimensions of the high 
pressure cylinder, and of the clearance space. 



fRES^.W B0ILER76 LBS. 



SCALE Jj 




ATMOSPH.LINE 



14S4 




Fig. II. 

Then weight of i cubic foot of dry saturated steam at pressure 
64 lbs. = '1506 lbs. by the table. 

.'. weight of 2*961 cubic feet dry steam 

= 2*961 X '1506 
= '4392 lbs. 

Let Mo = weight of steam existing in the cylinder and clear- 
ance space when compression begins. 

The diagram shows that, when exhaust commences, the 
Pressure of steam ^=15*2 lbs. ; whereas, when compression com- 
mences, the pressure of steam =15 lbs., and its volume is y^y of 
he volume when exhaust begins. 

Hence we have, very approximately, 



M.= ixiS? 



X (M+Mp+Mc), assMTCvm^ XlcvaX >(Jcv^ 'sXaaxsv ^^- 



II IS2 

}ains in the same condition during ex\vavi?X. 
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:. M, (1672-150)= 150 (m+m^) 

=' 150 X -60768 

. *, 150 X -60768 ^ ,, 
/. Mc = -^^ ^- — = -0599 lbs. 

1522 

Hence m + Mp + m^ = -60768 + -0599 

= -6675 lbs. 

It follows that the weight of dry saturated steam in the 
cylinder at the part of the stroke corresponding to b, as revealed 
by the indicator diagram, 

= -4392 lbs., 

whereas the weight of dry saturated steam in the cylinder, as 
deduced from the air pump discharge, 

= -6675 lbs. 

The inference is that (*6675 — -4392) or '2283 lbs. of steam 
have somehow disappeared as steam, and can, therefore, only 
exist as water. ' 

It is usual to employ the expression ^ dryness fraction^ \-o 
indicate the ratio of the amount of dry saturated steam to the 
amount of steam and water in any given quantity of wet steam. 

In the present example we have 

dryness fraction = f-^^ := '66 

6675 

Drawing the horizontal line ab, produce it to c such that 



AB 


: AC = 4392 : 


0075 ', then 
— — dryness fraction 

AC 

-•66 




or 


A B — 2 B C, 



which result, as given by the data on which the estimation has 
proceeded, exhibits a very important deficiency of working steam- 
It must, however, be lextverp^a^x^^x^'aX.xJcv^x^'^kea.dY exists in the 
form of water 
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But Mp = '02430 

water in clearance space = ^ m^ = '02995 
or Mp+ water in clearance space = '02430+ '02995 

= '05425 

Hence weight of steam not accounted for after admission 
= -2283 — -0543 = -1740 lbs. 

It is also inferred that 

Indicated work per stroke in high 1 ^ .1 , ^ 

/ , ? = 53 49 thermal units 

pressure cylmder J 

Same in low pressure cylinder = 60 '06 „ „ 

Total work per stroke = ii3'55 » >, 

Consumption of steam per I.H.P. per hour =14-84 lbs. 

29. The most recent recorded trial has been that carried out 
by a committee of the Inst. Mech. Eng., an account of which is 
published in the Proceedings for May, 1889. 

The vessel was the ss. * Meteor/ of about 2,000 tons, and 
2,000 H.P. The engines were triple expansion. The object of 
the trial was to measure the coal consumed, the water converted 
into, steam, and the indicated horse-power, and so far the trial was 
interesting, although the observations afforded little scope for 
theoretical conclusions. 

Data. Voyage from Leith to London : — 

Time occupied by trial =17 hrs. 6 mins. 

Mean speed of vessel = 14*6 knots per hr. 

No. of revolutions = 73,650 
No. per minute - 71*78 

Mean temperature of boiler steam = 363° F. 

Mean pressure „ = 145*2 lbs. (absolute) 

Mean admission pressure = 134*4 lbs. 

Mean atmospheric pressure =^ i4'9 lbs. 

Supply of feed-water =512,150 lbs. 

Supply per hour = 29,860 lbs. 

Supply per revolution •=■ (^'^i^\q%. 
Temperature of feed •=- 16^*\^ ^. 
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Quantity of feed water per I.H.P. ■ 

per hour = I4'93 lbs. 
Heat given ta feed-water pet 

I.H.P. per miimte= 265'6 thermal units. 
The temperature of water in hot well was not observed, but it 
was estimated that the temperature of the condensed steam was 
120° F., and the feed- water was heated up to 163° F. after leaving 
the hot well. 

There were two boilers, each double ended, the total number 
of furnaces being \t. The boilers were of steel, and had 
length of 16 ft., with a diameter of 13^ ft. 

The calorific value of the conl was estimated at 12,790 thermal 
units per lb. 

The coal used amounted to 68,693 lbs. 

■ Actual consumption per hour = 4.005 lb 

■ Consumption per I.H.P. per hour = 3'oi lbs 
Temperature of waste gases = jgi" F. 
Pressure shown by water gauge =■ -^^ inch. 

The rate of evaporation was 7'46 lbs. water /«r i lb. coal, from 
feed-water at 163= F. to steam at 363° F. 

The mean effective pressures in the different cylinders (in 
pounds per square inch) were the following : — 



w 



Cylinder 


Top 


Botlon 


Ubd 


Low presaate 


6a-io 
20-47 


56-82 

iS-54 

I3-5S 


i8-46 
I9-W 



The corresponding indicated horse-powers being 

High pressure = 663 ^^m 

Intermediate = 507 ^^H 

Low pressure = 825 ^^H 

Total I.H.P. =1,994 ^H 

The actual heat received by the feed-water per minute wU 

esd'in.ited at 528,700 tVtevTOa\ \],i\\ls, which is 62 per cenL of the 

totai nominal calorific \a\vie ot \W ticX \. wt*. -^^^j " 

jtt^^oo thermal units. 
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Taking the engine as perfect, and working between the 
363° F. and 120° F., we have 

Theoretical efficiency = — ^ 

823 

= •295 
But heat received by feed-water per minute 

= 528,700 thermal units. 
/. Theoretical work done = 150,9665* thermal units. 
Heat converted into work = 85,240 „ „ 

Actual efficiency = •161, 

or actual efficiency = 54*6 per cent, of that given out by a perfect 
engine working between the same temperatures. 

By careful measurement of the indicator diagrams the follow- 
ing results have been obtained : — 





Weight of steam 
per revolution 


Percentage of 
total feed 


High pressure cylinder 
after cut off 


5-31 


77-1 


Intermediate cylinder, 
22 lbs. above atmo- 
sphere 


5-56 


8o-2 ' 


Low pressure cylinder, 
4 lbs. below atmo- 
sphere 


5 '22 


75-3 1 

1 



Percentage in 
jackets or not 
accounted for 



22*9 



19-8 



217 



In the discussion on the paper the President called attention 
to the fact that the table showed more steam in the second 
cylinder than there had been in the first, and asked for an ex- 
planation, but none could be given. It appeared, however, that 
in the high-pressure diagram the steam was measured at about 
57 per cent, of the stroke, and in the other two cylinders at 
about 82 Der cent, thereof. 



-^-^ 
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TABLE I. 

From Dixon's table (in inches of vicrcury\ true for latitude 

of Dublin, 



Temp. 
F. 


Press, in 
lbs. per sq. in. 




H 


L 


A' 


dp 


Thermal 
units 


Thermal 
units 


Thermal 
units 


32 


•0889 


•00416 


109 1^7 


1091-7 





41 


•1263 


•00490 


1094*4 


1085-4 


9 


50 


•1771 


•C0662 


1097^2 


1079-2 


18 


59 


•2455 


•00883 


1099-9 


1073-0 


27 


68 


•3361 


•01164 


II02^7 


1066-7 


36 


77 


•4551 


•01520 


II05-4 


1060*4 


45 


86 


•6097 


•01963 


1 108-2 


1054-2 


54*0 


95 


•8084 


•02507 


1 1 10-9 


1047-9 


630 1 


104 


I -06 1 


•03176 


III37 


1041-6 


72-0 


113 


1-380 


•03983 


iii6*4 


1035*4 


8ro 


122 


1778 


•04944* 


1119-1 


1029-1 


90*1 


131 


2*270 


-06100 


1 1 2 1 ^9 


1022*8 


99'i 


140 


2-876 


•07456 


1124-6 


IO16-5 


loS'i 


149 


3-612 


•09044 


1127-4 


IOIO*2 


ny^ 


158 


4*504 


•10906 


1 130-1 


1004-0 


1 26*2 


167 


5*575 


•13050 


1132-9 


997*7 


i35'2 


176 


6-853 


•15511 


1135*6 


991-4 


i44'3 


185 


8-367 


•18317 


1138-4 


985*1 


153-3 


194 


10-15 


•21572 


1141-1 


9787 


162*4 


203 


12-25 


•25222 

\ 


1143*9 


972*4 1 

1 


171-5 


212 


14-69 


\ •291')^ 


\ \\4^*^ 


\ '^^^•i 


i8o'5 


221 


ITS* 


\ •^??>^^ 


\ ^^W 


A ^W 


X ^^^ 
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H 


L 


h' 




Press, in 
lbs. per sq. in. 


dp 


Thermal 
units 


Thermal 
units 


Thermal ; 
units 


230 


2078 


*38944 


1152*1 


953*4 


198-7 


239 


24*53 


•446 1 1 


1154*8 


947-0 


207-8 


248 


2881 


•50944 


1157-6 


940-7 


216-9 


257 


3370 


•57889 


1160-3 


934*3 


226-0 


266 


3923 


*65444 


1163-1 


927*9 


2352 


■ 275 


45*48 


*73778 


1165-8 


921*5 


244*3 


284 


52*51 


•82833 


1 168-6 


915-0 


253*5 


; 293 


60-39 


-92722 


1171-3 


908-6 


262-7 


302 


69*20 


1-03389 


1174-1 


902-2 


271-9 


3" 


79-00 


; 1-14889 


1176-8 


895*7 


281-I 


320 


89-88 


1-27222 


1179*5 


889*3 


290-3 


329 


101-9 


1-40667 


1 182-3 


882-8 


299*5 


338 


115*2 


1-55000 


1185-0 


876-3 


308-8 


\ 347 


129-8 


1*70000 


1187-8 


869-8 


318-0 ■ 


356 


145*8 


I -861 1 1 


1190-5 


863-2 


3273 


365 


163*3 


2-03889 


1193*3 


856-7 


336*6 

1 


374 


182-5 


2*22222 


1196*0 


850-1 


345 '9 i 


383 


203*3 


2-4IIII 


II 98-8 


843*5 


355 '2 , 


392 


225-9 


2-61III 


1201-5 


837-0 


364-5 ; 


401 


250*3 


2-82778 


1204-2 


830-4 


373 "9 i 

1 


410 


276-8 


3*05556 


1207*0 


823-7 


383*3 


419 


305*3 


3-28889 


1209-7 


817-1 


392*6 


428 


336*0 


3-41 II I 


1212-5 


810-4 


402-0 



N.B. — The entries in Dixon are muUiipUed b^ 'V^ii, ^o ^aw««N. '\»s5ckRs. ^ 
ercury into pressure in lbs. per sq. inch, i.c. Xs^ V\v^ vi«v^\ oil ^ ^^'sk. Ssw^cw 
mercury at 32° F. 
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TABLE III. 




Temp. F. 


k 


k' 


400 


8748 


4*373 


375 


9-130 


4*137 


350 


9*504 


3*888 


325 


9*949 


3*652 


3o:> 


10*440 


3*416 


275 


io*933 


3-164 


250 


11-456 


2*904 


225 


12*082 


2-648 


200 


12*690 


2-366 


175 


i3'38i 


2*076 


150 


14-138 


1-772 


125 


15*030 


1*432 


100 


15-881 


1*099 
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